Western University

Scholarship@Western
Electronic Thesis and Dissertation Repository
8-18-2020 1:30 PM

Rational design of cell configurations for high-performance Na-O2
batteries
Xiaoting Lin, The University of Western Ontario
Supervisor: Sun, Xueliang, The University of Western Ontario
A thesis submitted in partial fulfillment of the requirements for the Doctor of Philosophy degree
in Mechanical and Materials Engineering
© Xiaoting Lin 2020

Follow this and additional works at: https://ir.lib.uwo.ca/etd
Part of the Other Materials Science and Engineering Commons, and the Structural Materials
Commons

Recommended Citation
Lin, Xiaoting, "Rational design of cell configurations for high-performance Na-O2 batteries" (2020).
Electronic Thesis and Dissertation Repository. 7226.
https://ir.lib.uwo.ca/etd/7226

This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of
Scholarship@Western. For more information, please contact wlswadmin@uwo.ca.

Abstract
Na-O2 batteries are considered as the promising candidates for electric vehicles due to their
ultrahigh theoretical energy densities. However, state-of-the-art Na-O2 batteries suffer from
serious challenges including 1) pore clogging and insufficient O2 transportation within the air
electrode; 2) degradation of air electrode, 3) Na dendrite growth; and 4) Na corrosion induced
by O2/O2- crossover. This thesis, therefore, focuses on rational design of cell configurations to
address these problems and understanding the insight mechanisms.
3D printing of “O2 breathable” air electrodes for Na-O2 batteries were first developed. The
unique air electrode structure features non-competitive pathways for O2, electrons, and Na+,
leading to high-capacity and long-life Na-O2 batteries.
Except for air electrode, it is found that the Na anode also plays crucial roles in determining
the Na-O2 cell performance. To prevent the Na dendrite growth and Na degradation induced
by O2/O2- crossover, novel Na-O2 batteries using carbon paper protected Na anode was first
designed. Besides, hybrid solid-state Na-O2 batteries based on solid-state electrolytes and
protected Na anodes were successfully developed.
Furthermore, the cycling stability of Na@alucone anode was investigated. It is revealed that
the chemical stability of Na protective layer against O2- is critical to the cycling stability of Na
anode, and a universal approach was proposed to achieve high-performance Na-O2 batteries.
A flame-resistant, dendrite-free and O2/O2-- impermeable composite electrolyte was fabricated,
both safety and electrochemical performance of Na-O2 batteries can be enhanced significantly.
In summary, the discoveries in this thesis provide important guidance to achieve highperformance Na-O2 batteries.
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Summary for Lay Audience
With the depletion of fossil fuels and increasing environmental concerns, development of green
and sustainable energy-storage systems has never been more urgent. Rechargeable Na-O2
batteries have aroused substantial attention due to their high theoretical energy densities, high
energy efficiency, and abundance of sodium. However, state-of-the-art Na-O2 batteries suffer
from key challenges that hinder their practical application, such as 1) pore clogging and
insufficient O2 transportation within the air electrode, 2) degradation of air electrode, 3) Na
dendrite growth and resultant cell short circuiting, and 4) Na corrosion induced by O2/O2crossover. The thesis mainly focuses on addressing the challenges of Na-O2 batteries via
rational design of cell configurations, as well as clarifying the underlying degradation
mechanism of Na-O2 cell performance.
Freestanding “O2 breathable” air electrodes for Na-O2 batteries were first fabricated using 3D
printing technique. The designed air electrode has a stacked mesh structure with macroscale
open pores and conductive filaments composed of reduced graphene oxide sheets. The unique
air electrode structure features separated pathways for O2, electrons, and electrolyte (Na+),
leading to high-capacity and long-life Na-O2 batteries.
Except for air electrode, it is found that the Na anode also plays important roles in determining
the Na-O2 cell performance. Novel Na-O2 batteries using electrically connected carbon paper
and Na metal as protected Na anode were constructed, in order to improve the Na-O2 cell
performance. To address the issues of Na dendrite growth and O2/O2- crossover
comprehensively, hybrid solid-state Na-O2 batteries based on solid-state electrolytes and
protected Na anodes were successfully developed.
Furthermore, by investigating the electrochemical behavior of alucone protected Na
(Na@alucone) anode in Na-O2 batteries, it is revealed that the chemical instability of the Na
protective layer against superoxide radical can be fatal to the Na-O2 cell performance. More
importantly, a universal strategy was proposed to eliminate superoxide crossover for efficient
Na dendrite suppressing film.
A flame-resistant, dendrite-free and O2/O2-- impermeable composite electrolyte was developed
to construct quasi-solid-state Na-O2 battery. Benefiting from the merits of composite
iv

electrolyte, both safety and electrochemical performance of Na-O2 batteries can be improved
significantly.
In summary, the strategies developed in this thesis provide important guidance to achieve highperformance superoxide-based Na-O2 batteries.
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Chapter 1

1

Introduction

1.1 Superoxide-based Na-O2 batteries
With the depletion of non-renewable fossil fuels and increasing environmental concerns,
development of green and sustainable energy is of considerable significance.1 The success
of lithium-ion batteries (LIBs) has contributed to the advancement of portable electronic
devices, while their limited energy density cannot satisfy the stringent demands of
emerging electric vehicles (EVs).2,
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The development of high-energy-density battery

technologies has never been more urgent.4-6
Non-aqueous Li-O2 batteries have captured significant attention due to their high
theoretical energy densities in the past few years.7-9 However, the practical application of
Li-O2 batteries has been hindered by their high charge overpotential, which severely
deteriorates the cell performance.9-13 As an alternative to Li-O2 battery, Na-O2 battery do
not suffer from the negative effects of high charge overpotential even with pure carbon
cathodes, promising a high energy efficiency and clean chemistry.14-16 The theoretical
energy densities of Na-O2 batteries are calculated to be 1105 and 1602 Wh kg-1 based on
the formation of NaO2 and Na2O2, respectively, which is 6-9 times higher than that of LIBs.
With these advantages, as well as the low cost and natural abundance of sodium metal, NaO2 batteries show great application potential for EV transportation in the future.
Although the electrochemical formation of Na2O2 (mostly Na2O2‧2H2O) delivers higher
theoretical energy density than that of NaO2, peroxide-based Na-O2 batteries exhibit a high
charge overpotential like Li-O2 cells. In sharp contrast, the electrochemical reduction of
NaO2 exhibits a low charge overpotential, and thus the concerns of electrolyte
decomposition, cathode degradation, and contaminants formation at high voltages can be
avoided. Compared to Na2O2, NaO2 is identified as the only discharge product of Na-O2
batteries with a dry non-aqueous electrolyte and ultrapure oxygen gas. Therefore, this
thesis mainly focuses on enhancing the electrochemical performance of superoxide-based
Na-O2 batteries via addressing the challenges of this battery system.
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1.2 Challenges of superoxide-based Na-O2 batteries
Important progress related to the electrochemistry of Na-O2 batteries has been achieved.
However, the practical discharge capacities of Na-O2 batteries are far from the theoretical
value, and the cycling performance is poor. It is widely accepted that the inefficiency of
the air electrode and Na anode are primarily responsible for the low capacity, poor safety,
and limited cycle life of state-of-the-art Na-O2 batteries. The major challenges and issues
of the electrodes in superoxide-based Na-O2 batteries can be summarized as follows:
1) Pore clogging and insufficient O2 transportation within the air electrode
The discharge product of Na-O2 battery (NaO2) is insoluble in the organic electrolyte and
will precipitate within the pores of the air electrode during the discharge process.
Meanwhile, the limited solubility and low diffusivity of O2 in the organic electrolyte results
in the relative higher local charge density distribution on the air electrode near the O2
reservoir. Consequently, the insoluble NaO2 products will preferentially deposit at the air
electrode that faces the oxygen reservoir. Such a distribution of the NaO2 potentially clogs
the pores at the oxygen side and further block the O2 transport pathways, resulting in a
premature cease of the discharge process and underutilization of the air electrodes.
2) Air electrodes degradation.
Carbon-based materials are widely used as the air electrodes in non-aqueous Na-O2
batteries. However, the reactive NaO2 can directly oxidize the carbon cathode, especially
at high charge voltages. Further, the nucleophilic attack of O2- intermediate towards the
cathode binders also contribute to the air electrodes degradation. Noted that the singlet 1O2
that generated during the operation of Na-O2 batteries is also a problematic species, which
can result in carbon cathode corrosion and electrolyte decomposition. The side products
are hard to decompose during the subsequent charging process and will gradually cover the
active sites of the cathode. This phenomenon will lead to a gradual increase in the charge
overpotential, capacity fading during cycling and limited cycle life.
3) Uncontrollable Na dendrite growth and cell short circuit
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Uneven stripping/plating of Na metal can result in the formation of dendritic Na structures,
which can penetrate through the solid-electrolyte interphase (SEI) film on the Na electrode.
The repeated breakage and repair of the SEI layer induces continuous consumption of the
organic electrolyte and Na metal anode, resulting in decreased Coulombic efficiency along
with increased interfacial cell resistance. Premature Na-O2 cell death can be expected after
the electrolyte or Na metal is eventually exhausted. Moreover, the accumulation of sharp
Na dendrites may penetrate through the separator, causing safety concerns over internal
cell short circuits.
4) Na anode corrosion induced by O2/O2- crossover
The electrochemical power source of Na-O2 batteries is based on conversion reactions, in
which solvated O2 and superoxide (O2-) intermediates are involved. The conventional
porous glass fiber separator cannot block the diffusion of O2/O2- from the cathode to the
Na anode. The O2/O2- crossover in Na-O2 batteries can induce severe passivation/parasitic
reactions on the Na metal anode, resulting in severe Na corrosion. The gradual
accumulation of side products on the Na surface could result in blockage of Na+ migration,
increased polarization, and eventually battery failure.
Therefore, effective strategies need to be developed in order to address the critical
challenges of the Na-O2 batteries before the practical application of this novel battery
system.

1.3 Thesis objectives
The development of efficient air electrodes and highly stable Na anodes has been of great
significance due to their crucial roles in determining the overall Na-O2 cell performance.
In order to improve the electrochemical performance of Na-O2 batteries, the authors have
devoted significant time to facilitate continuous O2 transportation by designing an
advanced air electrode, and to stabilize the Na metal anode by suppressing the Na dendrite
growth and alleviating the Na corrosion induced by O2/O2- crossover. The underlying
degradation mechanism of Na-O2 cell performance was also revealed. These studies can
be separated into two major categories:
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Part 1: Design of highly efficient air electrode
i). To prevent the pore clogging and underutilization of the air electrodes induced by the
limited O2 transportation, novel freestanding “O2 breathable” air electrodes were
designed by using 3D printing technique. The characterization on the discharge
products, as well as the influence of air electrode structure on the capacity and cycle
life of Na-O2 batteries will be demonstrated.
Part 2: Different strategies for the stabilization of Na metal anode
ii). To reveal the crucial role of the Na anode in determining the Na-O2 cell performance,
a novel Na-O2 battery using carbon paper (CP) protected Na anode was designed. The
effect of O2- crossover on the Na-O2 cell performance will be studied. Also, the
effectiveness of CP interlayer in preventing Na dendrite growth, alleviating Na
degradation, as well as enhancing the reversibility and cycling performance of Na-O2
batteries will be investigated.
iii). To address the O2/O2- crossover and Na dendrite growth issues comprehensively,
hybrid solid-state (HSS) Na-O2 batteries were designed. The electrochemical
performance of HSS Na-O2 batteries with solid-state electrolyte (SSE) shield and
protected Na anode, as well as the underlying degradation mechanisms of Na metal
anode in the presence of O2 and/or O2- crossover will be investigated in detail.
iv). To enable high-performance Na-O2 batteries, the MLD alucone layer protected Na
anode (Na@alucone) was integrated with SSE to construct HSS Na-O2 batteries.
Electrochemical behaviors of Na-O2 battery with a Na@alucone anode, as well as the
understanding with scanning electron microscopy (SEM) and time-of-flight secondary
ion mass spectrometry (TOF-SIMSs) study on cycled Na@alucone anodes will be
investigated.
v). To address the safety issue and enhance the Na-O2 battery performance, flame-resistant,
dendrite-free and O2/O2-- impermeable composite electrolyte was designed. The
properties of composite electrolyte, as well as the electrochemical performance of
resultant quasi-solid-state Na-O2 batteries will be investigated.
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1.4 Thesis organizations
This thesis consists of 9 chapters (two introductory chapters, one experimental and
characterization details, five articles, and one conclusive chapter) and is organized
according to the requirements on Integrated-Article form as outlined in the Thesis
Regulation Guide by the School of Graduate and Postdoctoral Studies (SGPS) of the
University of Western Ontario. Specially, it organizes according to the following sequence:
Chapter 1 gives a brief introduction of superoxide-based Na-O2 batteries and their
challenges. Furthermore, the research objectives and the thesis structure are also stated.
Chapter 2 reviews the recent development of non-aqueous Na-O2 batteries. From the
fundamental understanding on the electrochemistry of Na-O2 battery system, the problems
that may result in the cell performance deficiency, to the methods that researchers have
adopted to address these problems.
Chapter 3 outlines experimental methods and analytical apparatus used in the work of this
thesis.
Chapter 4 presents a study on the 3D printing of “O2 breathable” air electrodes for Na-O2
batteries. The underutilization of air electrodes and poor cycling performance caused by
limited O2 transportation within the air electrode was well addressed by introducing O2
transport channels using 3D printing technique. In addition, the diameter of the O2 transport
channels in the air electrode is optimized based on the balance between electronic
conductivity and the O2 transportation. This is the first study related to fabricating freestanding “O2 breathable” air electrodes for Na-O2 batteries via 3D printing.
Chapter 5 systematically studies the electrochemical performance of Na-O2 batteries using
CP protected Na anodes. It was found that the presence of CP on the Na metal facilitates
dense Na deposition without dendritic Na growth, preventing the cell from short-circuiting.
The research work also verifies the O2/O2- crossover issue in Na-O2 batteries and presents
the effectiveness of CP in alleviating the Na degradation induced by O2/O2- crossover. The
crucial role of the Na anode in determining the Na-O2 battery performance is emphasized.
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Chapter 6 reports a novel hybrid solid-state Na-O2 battery based on NASICON-type SSE
and a protected Na anode. The dense structure of the SSE can effectively suppress the
O2/O2- crossover, which mitigated the Na degradation and reversible charge capacity loss.
In addition, adding a 3D protection layer on the Na anode facilitated dendrite-free Na
deposition within the conductive matrix. The nature of the SEI layer on the Na anode in
relation to O2/O2- crossover is systematically analyzed in this chapter.
Chapter 7 investigates the electrochemical behaviors of the alucone protected Na anode
during the Na-O2 battery operation. It was found that the alucone protective layer is
vulnerable to the superoxide attack and incapable of facilitating stable cycling of Na-O2
batteries, in sharp contrast to its stable performance in Na-metal batteries (NMBs). The
results indicate that the distinct behaviors of alucone protected Na anodes in NMBs and
Na-O2 batteries was reasonably related to the different working principles of two battery
systems. The study also proposed an effective strategy to eliminate the implications of the
unstable Na protective layer, promising a long cycle life of Na-O2 batteries.
Chapter 8 reports a composite electrolyte consisting of a 3D porous SSE framework that
is infused with a gel polymer electrolyte (PSSE/GPE) for Na-O2 batteries. The flameresistivity, dendrite-free and O2/O2- impermeable properties of the fabricated hybrid
electrolyte, as well as the cycling stability of constructed quasi-solid-state Na-O2 batteries
are systematically investigated.
Chapter 9 summarizes the results and contributions of the thesis work. Furthermore, the
author gives some personal opinions, perspectives, and suggestions regarding future
research outlook on superoxide-based Na-O2 batteries.
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Chapter 2

2

Literature review

In this chapter, a comprehensive and detailed literature review of the non-aqueous Na-O2
batteries is presented. From the fundamental understanding on the electrochemistry of NaO2 battery system, the main problems that may result in the decay of Na-O2 cell
performance, to the strategies that researchers have adopted to address these problems.

*Parts of this chapter have been published in Carbon Energy, 2019; 1: 141-164 and a book
chapter on Carbon Nanomaterials for Electrochemical Energy Technologies, ISBN-13:
978-1497846021 (2017).
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2.1 Introduction
The depletion of fossil fuels and its undesirable environmental consequences have quickly
become a dilemma faced by the world.1-3 In order to solve the issue of ever-growing
emissions and save resources for future generations, several secondary energy-storage
systems have been developed.4-11 Rechargeable lithium-ion batteries (LIBs) have
dominated the portable electronics market since their first commercialization by Sony in
1991. However, the specific capacity of the LIBs has been limited to a low value of
140⁓200 mAh g-1, which is insufficient and unable to keep pace with the requirements of
next-generation electric vehicles (EVs).
With this perspective, metal-O2 batteries with high theoretical energy densities have
attracted extensive research attention.12-16 Unlike traditional LIBs, metal-O2 batteries are
designed with open systems that enable the uptake of oxygen gas from the surrounding
environment. In principle, the unique cell design ensures that the reactants do not occupy
the valuable volumetric and gravimetric space of the battery, which allows for an infinite
supply of O2 from nature.6, 13, 17 Among various metal-O2 batteries, non-aqueous Li-O2
battery system has attracted enormous research attention owing to its high theoretical
energy density, which is significantly higher than that of commercial LIBs and can compete
with those of gasoline energy systems.18, 19 However, the practical application of Li-O2
batteries have been hindered by their high charge overpotential, which result in a low
round-trip energy efficiency and limited cycle life.20
At first, research on non-aqueous Na-O2 batteries was largely motivated by the low cost,
non-toxicity and abundance of sodium compared to lithium. In addition, Na-O2 batteries
can achieve energy densities of up to 1105 and 1602 Wh kg-1 with the discharge products
of NaO2 and Na2O2, respectively, which is second only to that of the Li-O2 battery system.
Compared to Li-O2 batteries, Na-O2 cells exhibit lower charging overpotential that ensures
a higher energy efficiency and clearer chemistry.20, 21 Furthermore, the negative effect of
high charge overpotential, such as electrolyte decomposition, air electrode degradation,
and detrimental contaminants formation at high voltages, can be significantly avoided.
With these advantages, Na-O2 cells are considered as promising energy storage devices for
next-generation EV transportation.
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Although Na-O2 batteries are still at their initial stage of development, impressive
breakthroughs have been achieved.17, 22 Along with the extensive efforts towards exploring
the electrochemistry of Na-O2 batteries, much attention has been devoted to improving the
Na-O2 battery performance by designing advanced electrodes since their efficiencies play
crucial roles in determining the overall cell performance.23-26 Therefore, in this review, we
intend to introduce the recent advancements towards improving the performance of nonaqueous Na-O2 batteries via rational design of the electrodes. Firstly, the reaction
mechanism of non-aqueous Na-O2 batteries and the key issues that may result in the cell
performance deficiency will be systematically introduced. Recent reported literatures
related to air electrodes and Na anode design will be sequentially presented in the following
sections. Finally, the remaining challenges and future perspectives for the development of
Na-O2 batteries are proposed.

2.2 Principle of a non-aqueous Na-O2 battery
2.2.1

Electrochemistry of a non-aqueous Na-O2 battery

A typical non-aqueous Na-O2 battery is composed of a sodium metal anode, a carbon
cathode and a separator filled with Na+ conducting organic electrolyte. A schematic
illustration of a typical non-aqueous Na-O2 cell configuration is shown in Figure 2.1.

Figure 2.1 Schematic illustration of a non-aqueous Na-O2 cell configuration.
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Different to the reversible intercalation of Na+ between the cathode and the anode in Naion batteries (NIBs), the energy in Na-O2 batteries is stored and released based on
conversion reactions. During the discharge process, sodium metal is oxidized to sodium
ions (Na+), which migrate towards the cathode through the organic electrolyte. At the same
time, the O2 is reduced on the cathode surface to form reduced oxygen species (O2- or O22), which will combine with migrated Na+ to form metal oxides as the discharge products.
During the charging process, the reactions will proceed in the reverse direction with Na
metal plating on the anode and O2 evolving at the cathode. While unlike the formation of
Li2O2 as the major discharge product in Li-O2 batteries, there are two discharge products
(NaO2 and Na2O2) produced in Na-O2 battery system.27,

28

The associated reaction

equations can be briefly presented as follows:
Negative electrode: Na → Na + + e −

(1)

Positive electrode: O2 + e- → O-2

(2)

Or O2 + 2e− → O22-

(3)

Overall: Na + O 2 → NaO2

E 0 = 2.27V

(4)

2Na + O 2 → Na 2 O 2

E 0 = 2.33V

(5)

Or

In Na-O2 batteries, the oxygen reduction reaction (ORR) can proceed via a one-electron
pathway or a two-electron transfer process with the formation of NaO2 or Na2O2,
respectively. The formation of Na2O2 delivers higher theoretical energy density (1605 Wh
kg-1) compared with that of NaO2 (1108 Wh kg-1).29 However, peroxide-based (mostly
Na2O2·2H2O) Na-O2 batteries suffer from the high charge overpotential (> 1V), which is
comparable to that of Li-O2 cells.17, 30, 31 In contrast, the NaO2 can be electrochemically
decomposed at a low voltage, avoiding the severe electrolyte decomposition and air
electrode degradation at high voltages. Since the Na-O2 cell performance is greatly affected
by the nature of discharge products, controlling the formation of desired discharge product
is crucial for achieving high-performance Na-O2 batteries. Although both NaO2 and Na2O2
have been predicted as the main discharge products of Na-O2 batteries by using theoretical
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computational techniques, it is still very difficult to identify which product is favorably
produced based solely on thermodynamic data.32, 33
Experimentally, important progress has been made in terms of electrochemistry of Na-O2
batteries under certain conditions. Also, some of the physicochemical factors that affect
the reaction pathway of Na-O2 batteries have been investigated. Firstly, the nature of the
electrolyte has a profound effect on the electrochemistry of Na-O2 batteries. As stated in
previous report, distinct to the formation of NaO2 via solution-mediated route in the
solvents with a high donor number, low donor number solvents incapable of forming an
ion pair with O2- intermediates, and consequently contribute to the formation of Na2O2 on
the Au electrode surface via further reduction of O2- intermediate.34 Moreover, the
chemical stability of electrolytes against the O2- attack is crucial for Na-O2 cell
performance. Formation of Na2O2‧2H2O due to the degradation of NaO2 in the organic
electrolyte has also been reported, and electrolyte solvents with high acid dissociation
constants are considered beneficial to the formation of NaO2.35,

36

Therefore, gaining

control of the mechanistic direction of discharge process (NaO2 or Na2O2) with different
electrolytes may enhance the ability to tailor the energy density of Na-O2 batteries.
Except for electrolyte, surface chemistry and electrocatalytic activity of cathodes also play
substantial roles in the electrochemical reaction paths. The discharge product of
commercial H2315 carbon paper (CP) has been widely reported to be NaO2 cubes.20, 37
While after introducing Pd catalysts on the CP cathode, two-electron electrochemical
process occur with the formation of Na2O2‧2H2O as the discharge product.29 In our recent
study, we found that the presence of oxygen functional groups (-COOH, -OH et al.) in CP
cathodes can also facilitate the growth of peroxide-based discharge products through a
surface-mediated path.38 Aside from the composition and formation mechanism of
discharge products, the morphology of NaO2 also can be tuned by changing the properties
of solvents and air electrodes.39-41 Previous studies reported that trace H2O additives in the
electrolyte can be beneficial for the cell discharge capacity by promoting the solutionmediated growth of large NaO2 cubes.42, 43 However, it should be noted that excess water
in the electrolyte tends to react with NaO2 to produce Na2O2‧2H2O and NaOH during the
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cell operation.44 Moreover, the high content of humidity in the O2 gas atmosphere also
contributes to the formation of hydroxide and results in poor Na-O2 cell performance.45, 46
In fact, the formation of peroxide-based (Na2O2, Na2O2‧2H2O) discharge products in NaO2 batteries is highly related to the presence of O2- intermediates and their further reduction
via chemical or electrochemical pathways. The minor difference in operating parameters
of Na-O2 batteries helps to explain the origin of discharge products diversity in different
groups. While compared to Na2O2, the NaO2 is identified as the only discharge product of
non-aqueous Na-O2 batteries using dry ether-based electrolyte and ultrapure O2 gas.

2.2.2

Challenges of a non-aqueous Na-O2 battery

Although Na-O2 batteries have shown great potential as promising alternatives to LIBs due
to their high theoretical energy density, several key challenges still need to be addressed
before its commercialization.

Figure 2.2 The key issues of electrodes in non-aqueous Na-O2 batteries. 23, 47
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The operating atmosphere (humidity and gas contaminations) is an important factor that
affects the nature of discharge products and the Na-O2 cell performance.46 Recent studies
have also reported organic electrolytes that cannot tolerate the attack of oxygen species
(O2-, 1O2 et al.) suffer from the decomposition problem and generate unfavorable side
products, which is harmful to the reversible charge capacity and cycle life of Na-O2
batteries.17 However, it is widely accepted that the inefficiency of the air electrode and Na
metal anode are primarily responsible for the low capacity, poor safety and limited cycle
life of state-of-the-art Na-O2 batteries. The main challenges facing the development of air
electrodes and Na anodes in non-aqueous Na-O2 batteries are highlighted as follows
(Figure 2.2):
(a) Pore clogging of the air electrodes. The dominant discharge product of non-aqueous
Na-O2 batteries (insulating Na2O2, NaO2) are insoluble in the organic electrolyte, which
will deposit on the surface or within the pores of the air electrode during the discharge
process. Moreover, the limited solubility and low diffusivity of O2 in the electrolyte
results in the relative higher O2 concentration on the air electrode facing the O2
reservoir. Consequently, the discharge products will preferentially deposit in the air
electrode region with sufficient exposure to O2.48 The accumulation of discharge
products potentially clog the air electrode pores at the oxygen side and restrict O2 access
to the interior air electrode, resulting in the premature termination of discharge process
and underutilization of air electrodes. 20, 49 Therefore, the achievable discharge capacity
is much lower than the theoretical value.49
(b) Sluggish electrochemical oxidation kinetics of Na2O2. With the formation of NaO2,
the Na-O2 batteries can be recharged with a low charge overpotential even with the
pure carbon cathodes.20 However, when it comes to Na2O2 (mostly Na2O2‧2H2O),
sluggish electrochemical oxidation kinetics with high charge overpotential can be
observed on carbon-based air electrodes.29 On one hand, the high charge overpotential
lowers the round-trip energy efficiency by requiring greater power to recharge than can
be recovered during the discharge process. On the other hand, the high charge potential
will trigger severe electrolyte decomposition and carbon corrosion at high voltages,
resulting in fast decay of the Na-O2 battery performance.23
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(c) Air electrodes degradation. Carbon material is widely used as the air electrode in NaO2 batteries. However, the discharge products (Na2O2, NaO2) are problematic species
towards the carbon cathode itself. Direct oxidation of carbon cathodes at high voltage
has been reported (> 3.0V), with the formation of various insulating side products on
the cathode surface. The undesired decomposition of cathode binders induced by
hydrogen abstraction of O2- partially contributes to the air electrode degradation.41
Moreover, carbonate-based side products can be formed on the outer shell of NaO2
cubes due to the instability of organic electrolyte against the NaO2.24, 50 All of these
side products are hard to decompose during the subsequent charging process, and will
gradually cover the active sites of the carbon cathode. This leads to a gradual increase
in the charge overpotential, capacity fading during cycling and limited cycle life.
(d) Uncontrollable Na dendrite growth. Na metal reacts easily with the surrounding
electrolyte solvents, resulting in the formation of a solid electrolyte interphase (SEI)
layer. Nonuniform stripping/plating of Na metal during long-term cycling can result in
the formation of dendritic Na structures, which can penetrate the SEI layer. On one
hand, the repeated breakage and repair of the SEI layer induces continuous
consumption of the organic electrolyte and Na metal, resulting in decreased Coulombic
efficiency along with increased interfacial resistance due to the accumulation of side
products on the Na anode surface.51 Premature cell death can be expected after the
electrolyte or Na metal is eventually exhausted. On the other hand, the accumulation
of sharp Na dendrites may penetrate through the separator, causing safety concerns
over internal short circuits.47, 52
(e) Na anode corrosion caused by contaminants crossover. The electrochemical power
source of Na-O2 batteries is based on conversion reactions, in which solvated O2 and
O2- intermediate are involved. The dissolved O2/O2- tends to migrate toward the Na
metal, resulting in severe passivation/parasitic reactions on the Na metal anode.49, 52, 53
The gradual accumulation of side products, such as NaOH, Na2CO3, and organic
products, on the Na surface could impede Na+ transportation, resulting in increased
polarization and premature cell death. More recently, the generation of singlet oxygen
species (1O2) has been reported,54 and parasitic chemistry involving migrated 1O2 at the
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Na anode may also cause problems. Besides oxygen species (O2, O2-, 1O2), the Na
anode can react with H2O from electrolyte decomposition (or air) and further aggravate
the Na degradation.36, 43
Based on above-mentioned challenges, multiple and combined strategies have been
reported to break through the bottlenecks of Na-O2 batteries: 1) designation of a conducting
air electrode with hierarchical porous structure to alleviate the pore clogging and facilitate
continuous O2 transportation. 2) construction of air electrodes with high electrocatalytic
activities to improve the oxygen evolution reaction (OER) kinetics. 3) application of 3D
Na anodes or artificial layer protected Na anodes to suppress Na dendrite growth; 4)
introduction of contaminants crossover impediments to alleviate/mitigate Na anode
corrosion. According to these reported literatures, the following segments will introduce
and summarize recent progress on air electrode design and Na metal anode protection for
achieving high-performance non-aqueous Na-O2 batteries.

2.3 Development of novel air electrodes
Since the discharge products of Na-O2 batteries are electronically insulating and insoluble
in organic electrolytes, many important properties should be considered when designing a
highly efficient air electrode. For example, the air electrodes should have a high electronic
conductivity to facilitate electron transportation, enough pore volume for discharge
products accommodation, and optimized pore structure for rapid Na+/O2 mass
transportation. Good mechanical strength to tolerate the volume expansion during the
formation and decomposition of discharge products is also required. In this regard, carbon
materials have been widely used to construct efficient air electrodes for Na-O2 cells due to
their good electrical conductivity, versatile porous nanostructure, high chemical stability
and low cost.
A large number of hierarchical porous carbon-based air electrodes have been developed to
alleviate the pore clogging problem and facilitate continuous O2 transportation.55,

56

Additionally, air electrode optimization through heteroatoms doping and catalyst
attachment has also been developed to enhance the OER kinetics in peroxide-based Na-O2
batteries.57-59 The main focus of this section is the efficacy of various carbon-based
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cathodes with unique architecture and chemical properties. The relationships between the
cell performance and air electrode properties will also be discussed.

2.3.1

Pristine carbon materials

A room-temperature rechargeable Na-O2 battery was first reported by Fu and co-workers
by using a diamond-like carbon (DLC) thin film as the air electrode in 2012.60 The DLC
thin film cathode can deliver an initial discharge capacity of 1884 mAh g-1 at 1/10 C rate,
where Na2O2 and Na2CO3 were detected as the discharge products of the constructed cell
using a carbonate-based electrolyte. Kwak et al. synthesized the ordered mesoporous
carbon (OMC) and evaluated it as a nanostructured conductive matrix to accommodate the
nonconductive discharge products in Na-O2 batteries.61 The high surface area and pore
volume of OMC endows the Na-O2 battery to deliver an initial discharge capacity of 7987
mAh g-1 at 100 mA g-1, which is significantly higher than the 4864 mAh g-1 capacity of a
super P electrode.
In order to give a more holistic view on the rechargeability and reaction kinetics of Na-O2
batteries, a series of carbon cathodes with specifically designed surface area and porous
structure were synthesized by our group using a heat-treatment procedure (Figure 2.3a).62
The results indicate that the cell discharge capacity has a linear relationship with the
cathode specific surface area since a higher surface area provides more active sites to
facilitate ORR and enable insoluble discharge product deposition (Figure 2.3b). Moreover,
the morphology and chemical composition of discharge products is highly dependent on
surface area and pore size of the carbon cathode, which is determined by the discharge
reaction kinetics of Na-O2 batteries (Figure 2.3c and d). The importance of cathode
properties in determining the Na-O2 cell performance was also highlighted by Bender et
al..33 Discharge capacities of Na-O2 batteries with different types of carbon cathodes varied
from 300 to 4000 mAh g-1 under the same experimental conditions, although NaO2 cubes
was identified as the only discharge product in all cells. Further investigations indicate that
the capacity difference can be attributed to the different microstructure of the cathodes,
which can greatly affect the size and morphology of the NaO2 discharge product. More
recently, to maximize the potential of the air electrode, Sun et al. prepared hierarchical
porous carbon spheres (PCSs) through a facile chemical vapor deposition (CVD) method.
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The typical TEM and SEM images of PCSs are shown in Figure 2.3e-g.55 The air
electrodes made of PCSs exhibited hierarchical porous structures that facilitated oxygen
diffusion and electrolyte impregnation to the inner part of the air electrodes, contributing
to the high capacity and rate capability of Na-O2 batteries. More importantly, the discharge
product, NaO2, showed a film-like morphology, which can be easily decomposed in
comparison with micrometer-sized NaO2 cubes, contributing to the high reversibility of
Na-O2 batteries (Figure 2.3h and i).

Figure 2.3 (a) Schematic diagram of the electrodes during the heat-treatment process, (b)
plot of specific capacities and specific surface area of the cathode materials of the cells as
a function of mass loss; (c, d) Discharge/charge curves of Na-O2 cell using NH3-treated
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carbon materials with 85% mass loss as the cathode at different current densities.62 (e)
Schematic illustration of the synthesis processes for PCSs cathode material, The inset in
(g) is a high magnification SEM image of PCSs. (f) TEM and (g) SEM images of asprepared PCSs. (h, i) SEM images of discharged PCS electrode.55
One dimensional carbon nanotubes (CNTs) have also been employed as the oxygen
diffusion electrode material in Na-O2 batteries due to their high void volume between onedimensional structures. A vertically aligned carbon nanotubes (VACNTs) electrode was
reported by Zhao et al..63 Benefiting from the reversible formation and decomposition of
NaO2 with a low charge overpotential, the energy efficiency of Na-O2 cell with VACNTs
electrodes is as high as 90 %. Furthermore, a high discharge capacity of 4200 mAh g-1 was
delivered at 67 mA g-1 and 130 cycles can be achieved with a limited capacity of 750 mAh
g-1, which could be attributed to the high surface area and the interconnected, welldeveloped pore structure of the VACNTs electrodes. While it is also noteworthy that the
optimal atmospheric conditions (static Ar/O2 (80/20 vol %)) also contributed to the good
cell performance by suppressing the side reactions involving H2O. In another study, Jian
et al. used a floating catalyst CVD method to prepare CNT paper composed of
interpenetrating CNTs

64

. The resultant CNT paper was directly employed as the air

electrode without adding any binders and additives, and a high initial discharge capacity of
7530 mAh g-1 was delivered at 500 mA g-1. The main crystalline discharge product of
constructed Na-O2 cell is identified to be Na2O2·2H2O through X-ray diffraction
characterization.
As a typical two-dimensional material, graphene has attracted substantial attention in
energy storage research.65 Liu and colleagues, for the first time, employed graphene
nanosheets (GNS) in Na-O2 batteries in 2013.66 Na-O2 battery with a GNS electrode
showed an excellent electrochemical performance with a high discharge capacity of 9268
mAh g-1, which is superior to the 2030 mAh g-1 of normal carbon film cathodes tested at
the same current density of 300 mA g-1. Although Na2O2 rather than NaO2 was identified
as the discharge product under the effect of electrolyte composition, oxygen partial
pressure and air electrode properties, GNS demonstrated its enormous potential in the
application in Na-O2 batteries. Graphene possesses high surface area and enough active

20

sites, which is beneficial for the ORR process of Na-O2 batteries. However, the GNS tend
to restack due to Var der Waals or capillary forces, which would decrease the active area
and limit the effective diffusion of O2 within the cathodes.67 By controlling the freezing
temperature of reduced graphene aerogels, reduced graphene oxide (rGO) air electrodes
with different porosities were successfully developed by Vitoriano and co-workers.68 They
found that the air electrode porosity plays a key role in Na-O2 cell performance by
influencing the oxygen supply. Benefiting from the effective oxygen diffusion and
ORR/OER reaction kinetics, rGO-based electrodes with meso-macroporosity and a narrow
macropore size arrangement exhibit the best performance among all cathodes (6.61 mAh
cm-2). This work further indicates that tuning cathode porosity is an effective strategy to
facilitate the oxygen diffusion and eliminate the diffusional/kinetic limitations towards
ORR and OER during Na-O2 cell operation, especially at high rates.
Three-dimensional (3D) carbon paper (CP) gas diffusion layer, which possesses pores on
the scale of dozens of micrometers, is another good candidate of the air electrode in Na-O2
batteries. Using CP as the air electrode in Na-O2 batteries was first reported by Hartmann
and co-workers.20 A high initial discharge capacity of 3.3 mAh was delivered at 120 µA
cm-2, much higher than that of the Li-O2 cell counterpart using the same cathode (Figure
2.4a). More importantly, the charge overpotential of Na-O2 batteries is significantly lower
than that of Li-O2 batteries (Figure 2.4b). These results indicate the distinct reaction
mechanisms between Li-O2 and Na-O2 battery systems, and the reversible
formation/decomposition of NaO2 cubes via one-electron transfer in Na-O2 batteries is
verified (Figure 2.4c and d). Moving forward, CP has been widely used as the air electrode
to investigate the cell electrochemistry, as well as the physicochemical factors that affect
the electrochemical behavior of Na-O2 batteries.37, 39, 42, 49, 69, 70. While noting that both
current density and O2 pressure have a large effect on the spatial deposition of NaO2
through the CP cathode, the maximum capacity is limited by insufficient O2 supply as a
result of CP cathode pore clogging at low current densities and high O2 pressure (Figure
2.4e).69-71 Therefore, to alleviate the pore clogging effect and enable continuous O2
diffusion, air electrodes with non-competitive and continuous pathways for oxygen and
electrolyte (Na+) can be developed in the future studies.72, 73
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Figure 2.4 (a) Discharge-charge curves of Na-O2 cells with CP cathodes at various
current densities, (b) Discharge-charge voltage profile of a Li-O2 cell with CP cathode for
comparison. (c, d) SEM images of CP cathode after discharge to 2 mAh at 80 µA cm-2.20
(e) Schematic illustration of the effect of current density and oxygen pressure on the spatial
deposition of NaO2 through the cathode.69

2.3.2

Heteroatoms doped carbon materials

The microstructure of the air electrode is critical, since the overall cell capacity is highly
dependent on the amount of insoluble discharge products that can be accommodated within
the porous electrode structure. The chemical properties of the air electrode also play an
important role in affecting the overall cell performance, especially for the peroxide-based
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Na-O2 batteries.29 To tackle the sluggish OER kinetics of peroxide-based Na-O2 batteries,
air electrode optimization is essential. Doping foreign atoms, such as N, S, O and P, into
the carbon cathode structure is an effective strategy to tailor the electronic structure,
chemical nature, as well as the electrocatalytic activity of the cathodes.74, 75 Moreover, the
heteroatom-doped catalytic sites are at the atomic level, which contribute to a high catalytic
site density on the electrode at a low doping quantity. Therefore, heteroatoms doped carbon
materials have been reported as effective air electrodes in Na-O2 battery system.

Figure 2.5 (a) The discharge curves of GNS and N-GNS electrodes, SEM images of NGNS electrodes after (b) discharged for 12h and (c) fully discharged.77 (d) HRTEM image
and SAED pattern (inset) of B-OLC, (e) Raman spectra of B-OLC and OLC, (f)
Discharge/charge curves of B-OLC, OLC and Super P electrodes in Na-O2 batteries at 0.15
mA cm-2.58
As a typical example, N-doped graphene nanosheets (N-GNSs) were fabricated and used
as the cathode material in sodium-air batteries by our group in 2013.57 We found that the
N-GNSs demonstrated significantly improved electrocatalytic activity towards ORR; and
the discharge capacity of N-GNSs is two times higher than that of the pristine counterpart
(Figure 2.5a). The electrochemical enhancement can be related to the charge
delocalization in the GNSs structure due to the N doping, resulting in a high positive charge
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density of neighboring carbon. The charged carbon can act as the active sites with a strong
O2 adsorption to facilitate the uniform nucleation of discharge products (Figure 2.5b and
c). This is consistent with the theoretical calculation on the catalytic role of defective sites
in graphene, which indicated the effectiveness of N-doping in facilitating nucleation of
Li2O2 cluster in Li-O2 batteries.76 Self-stacked N-doped CNT (NCNT) as the air electrodes
for Na-O2 batteries have also been investigated; which exhibit higher rate performance and
extended cycle life at high current densities in comparison with CNT electrode.59 The
outstanding catalytic activity of the N-doped sites in NCNT contributed to the high cycling
stability of cell. It should also be noted that the enhanced electrochemical performance can
be partially attributed to the robust network of aligned NCNTs, which enables rapid oxygen
and Na+ transport while accommodating the discharge product.
Free-standing air electrodes composed of N-doped graphene aerogels on Ni foam (3D NGA) were successfully synthesized by Zhang et al. using hydrothermal method.78 Due to
the unique properties of interconnected architecture with excellent conductivity, high
surface area, and ideal pore size distribution, Na-O2 batteries with a 3D N-GAs@Ni air
electrode delivered a high discharge capacity of 10950 mAh g-1 at 100 mA g-1. While only
9230 mAh g-1 can be achieved for GAs@Ni at the same current density. With further
investigation on the morphology of the discharged air electrode, they revealed that the Ndoping of graphene plays an important role in facilitating the uniform deposition of Na2O2
discharge product at the nanoscale, as well as the reduction of Na2O2 with lower
overpotential. Other than an interconnected porous architecture and positive effect of Ndoping, the binder-free property of 3D N-GAs@Ni electrode also contributed to the good
performance of Na-O2 cell by avoiding the side reactions involving polymeric binders. For
the same purpose, free-standing 3D nanostructured air electrodes composed of vertically
grown N-doped CNT on CP (NCNT-CP) were developed and used as the air electrode in
Na-O2 batteries.23 The NCNT-CP air electrode could deliver a high discharge capacity of
over 11 mAh cm-2, which is about 17 times higher than that of bare CP at 0.1 mA cm -2.
The increase in discharge capacity is related to the continuous O2/Na+ transportation
through the micrometer pores of the CP structure and the increase of surface area by
introducing NCNT on CP skeleton.59 By using synchrotron-based X-ray absorption
spectroscopy, the electrochemical and chemical mechanism of the Na-O2 cell with NCNT-
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CP cathode was further investigated. Na2O2 and NaO2 are identified as the main discharge
products of the Na-O2 cell, however the formation of carbonate-based side products and its
gradual accumulation on the air electrode surface diminishes the cell life and should not be
ignored in future studies.
Other than N-doping, theoretical and experimental studies showed that incorporating boron
atoms into the carbon lattice can also be a good catalytic substrate to facilitate the oxidation
of peroxide-based discharge products.79, 80 As reported by Shu and co-workers, the borondoped onion like carbon (B-OLC) was synthesized by a simple thermal method and then
applied as the cathode for non-aqueous Na-O2 batteries (Figure 2.5 d-f).58 Similar to Ndoped carbon, adsorption of O2 on B-doped carbon is easier due to the distinct
electronegativity between oxygen and boron, which is a prerequisite for the subsequent
reaction. The resulting B-OLC cathodes exhibit outstanding electrochemical performance
with high specific capacity (10200 mAh g-1), good rate capability and cycling stability,
which is superior to that of Super P and OLC electrodes. The cell performance
improvements could be reasonably ascribed to the synergistic effect of the unique porous
structure of B-OLC and its improved catalytic activity after boron doping.

2.3.3

Carbon materials loaded with solid catalysts

Apart from the heteroatoms-doped carbon cathodes discussed in the previous section,
metals and/or metal oxides have also been used as the catalysts to decrease the charge
overpotential and enhance the overall performance of (peroxide-based) Na-O2 batteries.
The reported metal and/or metal oxide as catalysts mainly include noble metals and/or their
oxides, transitional metals and/or their oxides, perovskite-related oxides and their
combinations. Considering that metal-based catalysts possess relatively high density,
which will cause the compromise on the key advantages of cathode in high capacity and
energy density, anchoring the nanometer- or micrometer-sized solid catalysts onto the
porous carbon framework may simultaneously enhance the ORR/OER kinetics and
increase the specific energy of the Na-O2 battery. In this section, we will summarize the
recent progress in fabricating highly efficient air electrodes that incorporate carbon
materials with solid catalysts to address the sluggish kinetics of peroxide oxidation in NaO2 batteries.
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Figure 2.6 Deep discharge/charge curves of Na-O2 batteries with a) rGO, b) B-rGO, c) mRuO2-B-rGO cathodes at 0.05 and 0.1 mA cm-2 in the voltage range of 1.8-4.5 V versus
Na+/Na, SEM images of discharged (d) rGO, (e) B-rGO, and (f) m-RuO2-B-rGO cathodes
at 0.05 mA cm-2. (g) Schematic illustration of the proposed mechanism accounting for the
different morphology of discharge products on different electrodes. 81
Graphene nanosheets (GNS) loaded with homogeneous dispersed Pt nanoparticles
(Pt@GNS) were successfully developed by Yang and co-workers via a hydrothermal
method.82 The Pt nanoparticles not only acts as additional oxygen adsorption sites that
benefit the capacity increase, but it also prevents discharge product aggregation by
regulating the uniform deposition of discharge products. As a result, significant enhanced
ORR and OER kinetics were achieved, as well as improved cell capacity and cycling
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stability under the shallow cycling mode. The Ag nanoparticle decorated rGO (Ag-rGO)
as a bifunctional oxygen electrode for ORR and OER was investigated by Kumar and coworkers. However, different to the formation of Na2CO3 on the discharged Pt@GNS
electrode, NaO2, Na2O2 and Na2O were identified as the discharge products of Na-O2 cells
assembled with Ag-rGO cathodes.83 Pd nanoparticles as the catalyst for the cathode was
reported by Amine et al. recently, and a peroxide-based Na-O2 battery with low
overpotential and high discharge capacity was successfully developed.29 Kang and
colleagues used ruthenium decorated CNTs (CNT/Ru) as the solid catalyst to enhance the
ORR/OER kinetics of Na-O2 batteries, and high energy efficiency can be achieved due to
the formation of deficient sodium peroxide (Na2-xO2) as a main discharge product.84
In fact, the composition and morphology of the discharge products are highly affected by
the surface chemistry and microstructure of the air electrodes. In recent research work, Ren
and coworkers found that the characteristics of the air electrode plays an important role in
determining the nature of the discharge products and accordingly Na-O2 cell performance,
as depicted in Figure 2.6.85 Micrometer-sized NaO2 and nano-sized film-like NaO2 are the
main discharge products of rGO and B-doped rGO cathodes, respectively. While with
further decoration of micrometer-sized RuO2 on the surface of B-rGO (m-RuO2-B-rGO),
nano-sized spherical amorphous Na-deficient Na2-xO2 was formed due to the high affinity
of RuO2 for oxygen. More importantly, the amorphous Na2-xO2 phase in discharged mRuO2-B-rGO cathodes has good electrical contact with the RuO2 particles, and thus can be
decomposed completely under 3.1V. This ultimately contributes to a significant
enhancement of cycle life compared with other cathodes.
More recently, transition metal-based catalysts have aroused great interest to enhance the
catalytic activity of the cathode in Na-O2 battery systems. For example, our group
synthesized Co3O4 decorated CNTs (CNT@Co3O4) via atomic layer deposition (ALD),
and then employed as the cathode for Na-O2 batteries (Figure 2.7a and b).56 Synchrotronbased X-ray analysis revealed that the well dispersed Co3O4 catalyst on CNTs could serve
as functionalized active sites, promote the electrochemical decomposition of sodium
peroxide, superoxide, and carbonates. High-spin Co3O4 as the electrocatalyst for Na-O2
batteries was reported by Mai and co-workers, and the formation of NaO2 nanowires

27

induced by high-spin Co3O4 catalyst significantly boosts the electrochemical performance
of Na-O2 batteries (Figure 2.7c and d).86 In another study, free-standing C@NiCo2O4 air
electrode composed of vertical NiCo2O4 nanoneedle arrays on CP have been delicately
fabricated by Liu et al. through a hydrothermal method.87 The porous CP skeleton enables
fast electron transport and oxygen diffusion, while the NiCo2O4 nanoneedles provide
adequate active sites and sufficient space for discharge product accommodation (Figure
2.7e and f). A high discharge capacity of 6500 mAh g-1 at 50 mA g-1, and stable cycling of
120 cycles can be achieved due to the reversible formation/decomposition of film-like
Na2O2 in Na-O2 batteries with C@NiCo2O4 electrodes.

Figure 2.7 SEM images of (a) pristine and (b) discharged CNT@Co3O4 electrode at 300
mA g-1.56 (c, d) SEM images of NaO2 nanowires (discharge product of Na-O2 batteries)
beside the high-spin Co3O4 electrocatalyst.86 SEM images of (e) pristine and (f) discharged
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C@NiCo2O4-NAs electrode with a limited capacity of 6500 mAh g-1.87 SEM images of (g)
pristine CaMnO3 and (h) discharged CaMnO3/C electrodes.88 SEM images of (i) pristine
and (j) discharged h-Co3O4@MnCo2O4.5 electrodes with a capacity limitation of 1000 mAh
g-1.89 SEM image of (k) pristine and (l) discharged RuO2/Mn2O3/CNF electrode at 0.05 mA
cm-2.90
In addition to transitional metal oxides, several other metal-based catalysts have also been
studied as cathode catalysts in Na-O2 batteries and exhibited promising catalytic activity
towards both ORR and OER. For example, the introduction of the CoB cathode catalyst
successfully endowed Na-O2 batteries with a low charge overpotential, good rate capability
and cycling stability.91 Chen and co-workers reported the perovskite CaMnO3 microsphere
as an efficient electrocatalyst for rechargeable Na-O2 batteries (Figure 2.7g and h).88
Pyrochlore-type oxide as a cathode catalyst has also been reported in Na-O2 batteries.92
Moreover, Jiang et al. found that the Na-O2 cell performance is highly related to the
electronic structure and specific surface area of Pyrochlore-type oxide, and the La2Co2O7
catalyst enables a high-performance Na-O2 battery with ultrahigh discharge capacity
(20184.2 mAh g-1) and long cycle life (over 167 cycles).92
Due to the limited catalytic activity of single-component oxide catalyst towards ORR/OER,
the design of efficient bifunctional electrocatalysts is highly desired. With this regards, Liu
and colleagues constructed heterogeneously structured CoO/CoP nanosheets which
combine the advantages of the high OER activity of CoP and the high ORR activity of
CoO.93 More importantly, the catalytic activity of the designed CoO/CoP nanosheets
exceeds that of the parent CoO or CoP due to the interpenetration of O-P on the CoO/CoP
interface. Hierarchical Co3O4@MnCo2O4.5 nanocubes (hCo3O4@ MnCo2O4.5 Ns) cathode
catalyst with a yolk-shell structure was successfully fabricated by Liu et al. by using the
metal-organic framework template (Figure 2.7i and j).89 In another study reported by
Yilmaz and co-workers, 3D RuO2/Mn2O3/CNF as bifunctional electrocatalysts towards
ORR and OER were prepared, as shown in Figure 2.7k and l.90 Taking the benefit of RuO2
and Mn2O3 synergy, the RuO2/Mn2O3/CNF electrode exhibits much higher specific
capacity and catalytic activity compared to its CNF, Mn2O3/CNF and RuO2/CNF
counterparts. The incorporation of heterogeneous catalysts to simultaneously boost the
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ORR and OER activities of Na-O2 batteries was also reported by our group.94 The
NCNT@CP air electrode was decorated with mesoporous Mn3O4 as an ORR catalyst and
ALD deposited Pd nanoclusters as OER catalysts. We found that the catalytic activity is
related to the dynamic interaction between the catalyst and discharge products. By
monitoring the electronic state of the solid catalyst during ORR and OER processes, we
further revealed that the synergistic effect between Mn3O4 and Pd catalyst originates from
the electron exchange between the noble metal and the metal oxide.
Although the electrochemical performance and cycling life of Na-O2 batteries have been
improved, the research on the carbon-based air electrode in Na-O2 batteries is still limited
and the achievable electrochemical performance is still unsatisfied. Due to the similar
working principles, the research results obtained from the Li-O2 battery system may
provide guidance for the future research of Na-O2 batteries.

2.4 Strategies for efficient use of sodium metal anode
Unlike the intense research on understanding the Na-O2 cell electrochemistry and air
electrode design, the study on the role of the Na anode in determining the overall cell
performance has been less focused. In the Na-O2 batteries, sodium metal is the ultimate
choice as the anode material due to its high theoretical specific capacity (1166 mAh g-1)
and low redox potential (-2.714V vs. standard hydrogen electrode). However, the Na
dendrite growth and Na corrosion are identified as two major issues of Na-O2 batteries,
which severely degrade the cell performance.
Manufacturing a robust SEI layer by surface engineering is an effective strategy for the
stabilization of Na metal in Na-O2 batteries.95 As reported by Zhou and co-workers,
electrolyte additives (fluoroethylene carbonate) can be used to passivate the Na surface by
forming a stable fluoride-rich film, which contributes to the dendrite-free anode and
significantly improved cycling stability of Na-O2 batteries.53 There are also reports of
protecting the Na anode by direct formation of an artificial protective layer via ALD/MLD
technique or solution-based method in NIBs. However, the feasibility of these protected
Na anodes in Na-O2 batteries need further investigation due to its unique working
principles.96-98 Designing high-modulus separators/membranes are presumably effective in
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suppressing Na dendrite growth and alleviating Na degradation in Na-O2 batteries.99
However, the stabilization of Na metal anode in Na-O2 batteries has been seriously
neglected. So far, few studies have reported to stabilize the Na metal and achieve longterm cycling of Na-O2 batteries.
Among various strategies that can help achieve stable cycling of Na metal, carbon materials
have shown the greatest potential for large-scale fabrication and application in the future
due to its unique properties 100-103: 1) Carbon materials with high surface area and porosity
can construct a 3D host or interlayer for Na metal, which can lower the local current density
for uniform Na deposition. Simultaneously, the infinite volume expansion of Na metal
during continuous stripping/plating can also be well addressed; 2) The “Na-philic”
functional groups/nanomaterials on the carbon surface help increase sodium affinity, which
facilitates homogeneous Na nucleation with a low overpotential; 3) Carbon films with high
mechanical flexibility and chemical stability can act as a protective layer for stabilizing the
SEI layer, which not only suppresses the Na dendrite growth, but also alleviates the Na
corrosion; 4) Carbon materials are relatively light and cost effective, and at the same time,
the thickness and porosity of the 3D carbon networks can be easily controlled.
Therefore, this section summarizes the recent progresses that use carbon-based materials
to address the issues of Na anodes and highlights the advantages and roles of carbon
materials in Na protection for Na-O2 batteries. Furthermore, the potential carbon materials
that can be used in protecting Na metal in the further study of Na-O2 batteries are also
discussed.

2.4.1

Carbon hosted sodium anode

Based on “Sand’s time” theory and experimental results from Janek et al, current density
has a determining effect on the morphology of Na deposits.47, 104 Therefore, the rational
design of 3D carbon hosts for metallic Na is an effective strategy to alleviate the dendrite
growth by decreasing the electrode current density. By designing Na metal anodes for NaO2 batteries, the 3D carbon host should be pre-stored with Na to supply the Na source.
Compared with electrodeposition, which is complex and time-consuming, utilizing a
thermal infusion strategy with molten Na infused into a 3D Na-philic substrate is much
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more promising. Luo and colleagues used rGO as a host to fabricate a processable and
moldable composite Na metal anode (Na@rGO) for Na batteries, as shown in Figure
2.8a.105 Interestingly, by controlling the thickness of the densely stacked GO film, the
Na@rGO anode thickness can be determined; in fact, it was found to be 20 times the
thickness of the GO film. Moreover, the shape of the Na@rGO composite anode can also
be engineered by tailoring the precursor GO films with desired shapes. With only 4.5 wt.
% of GO, the mechanical properties and corrosion stability of Na@rGO composite anode
significantly improved without sacrificing much capacity of the Na anode. Consequently,
the dendrite-free Na anode with enhanced cycling performance can be achieved in Na
symmetric cells using both ether and carbonate electrolytes. As a proof of concept, the
electrochemical performance of Na-O2 cells using Na@rGO anode was further
investigated. As a result, Na-O2 cells exhibit a lower discharge/charge overpotential and
improved cycling stability compared with that of the cell with bare Na anode.

Figure 2.8 (a) Schematic representation of the preparation of Na@r-GO composites, and the
cycling performance of Na-O2 batteries with Na and Na@r-GO anode from 1st and 20th cycle.105
(b) Encapsulation of metallic Na into carbonized wood by a spontaneous and instantaneous
infusion.106 (c) Schematic diagram of the fabrication procedure of Na@CP-NCNTs.107
In another work reported by Hu et al., carbonized wood with channels were used as a 3D
host for fabricating Na-wood composite anodes using a thermal infusion process (Figure
2.8b).106 The hierarchical structure of carbonized wood can be well maintained after
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encapsulation of metallic Na, which offers a large surface area for homogeneous Na
deposition by lowering the effective current density. Benefiting from its unique structure,
the Na-wood composite electrode exhibited stable cycling performance for over 250 cycles
at 1 mA cm-2 with capacity of 0.5 and 1.0 mA cm-2, respectively. Comparatively, the Na
symmetric cell with a bare Na electrode only runs for less than 90 cycles and 50 cycles
under the same testing conditions. Recently, the rational design of the Na@CP-NCNT
composite electrode with 3D CP-NCNT framework host was reported by Sun and coworkers. The schematic presentation of the electrode fabrication process is shown in
Figure 2.8c.107 Interestingly, the cross-conductive network of CP and NCNT can facilitate
the uniform Na deposition by decreasing the local current density. On the other hand, the
“Na-phobic” property of CP changes to “Na-philic” after introducing NCNT on the CP
skeleton. More importantly, the constructed Na symmetric cell using Na@CP-NCNTs
electrode exhibited improved cycling stability compared to the bare Na electrode at high
current densities of 3 and 5 mA cm-2. Although the electrochemical performance of the
Na@CP-NCNTs electrode did not characterize in the Na-O2 batteries, the design of the 3D
host with the “Na-philic” property provided some guidance in fabricating advanced Na
anodes in the future study of Na-O2 batteries.
Aside from pre-store the Na metal into 3D host with thermal infusion method, significant
improved cycling performance of Na anode was also demonstrated by introducing
commercial CP as the interlayer between the Na metal and separator.108 The positive effect
of CP was attributed to its high surface area for decreasing current density. More
importantly, this method is straightforward, cost-effective and timesaving, which is
beneficial for the practical application of Na metal batteries. However, uniform deposition
of Na metal is hardly achieved at high current density with a high Na capacity. Decorating
the carbon materials with functional groups is an effective strategy to increase the affinity
of substrate for sodium. As reported by Wang and colleagues, who introduced a nitrogen
and sulfur co-doped CNT (NSCNT) interlayer on the Na metal anode in Na-O2 batteries
(Figure 2.9a).109 The N and S-containing functional groups on the CNT induce the NSCNT
to be “Na-philic”, which can regulate the initial Na nucleation and enables uniform
deposition of Na on the interlayer. The large surface area and good electronic conductivity
of NSCNT are also beneficial for dendrite-free Na anodes even at a high current density.
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In addition to Na ion regulation, the 3D porous NSCNT structure can buffer the infinite
volume change of Na during continuous plating/stripping processes. Consequently, the
assembled Na-O2 battery using Na/NSCNT anodes show very stable cycling performance
for over 90 cycles, while the cycling of Na-O2 cell using a bare Na anode was interrupted
by short-circuiting at the 53rd cycle due to the Na dendrite penetration.

Figure 2.9 (a) Schematic illustration of the Na striping/plating on Na metal anode and
Na/NSCNT anode, and the cycling performance of Na-O2 batteries with Na anodes and
Na/NSCNT anodes at 1 mA cm-2 with a cut-off capacity of 0.5 mA cm-2.109 (b) Controllable
nucleation and growth of Na in the 3DHS film with Mg clusters at 50 µA cm-2.110
It is worth noting that the uniform Na deposition also can be achieved through introducing
heterogeneous nucleation seeds other than functional groups/defects. In the research of Na
metal anode, Yang and colleagues investigated the nucleation behavior of Na on different
metals.110 They found that the Na can be controllably deposited onto the main group Ⅱ
metal substrates such as Be, Mg and Ba since they have definite solubility in sodium. The
formation of a solid solution surface layer enables guidance on the Na growth in the parallel
direction of metal substrates, as well as significantly reduced Na nucleation barrier.
Another impressive work has been reported by Tang and co-workers, who introduced a
layer of Au to realize stable Na deposition by alloying. With the formation of a
“sodiophilic” Au-Na alloy layer on Cu substrate, the Na could be uniformly deposited with
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low overpotential.111 The 3D carbon framework is effective in suppressing the Na dendrite,
and heterogeneous nucleation seeds are beneficial for regulating Na deposition and
realizing spatial control over Na nucleation. It is expected that homogeneously dispersing
sodiophilic nanoseeds onto the skeleton of 3D carbon-based substrates can direct the
deposition of Na within the 3D structure, resolving the issues of Na dendrite growth in NaO2 batteries (Figure 2.9c). Furthermore, the difference in the Na nucleation barrier between
different materials suggests an effective way to construct sodiophilic-sodiophobic gradient
interlayers, which can alleviate the preferentially nucleation of Na on the top surface of a
conductive interlayer at a high current density
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. This ensures long-term cycling of

dendrite-free Na anodes in high-energy-density Na-O2 batteries.

2.4.2

Artificial layer protected sodium anode

Modification of the Na metal anode with a protective interlayer shows great potential in
suppressing Na dendrite growth and alleviating Na corrosion in Na-O2 batteries. In our
recent work, a Na-O2 battery using electrically connected CP with Na metal as a protected
anode was successfully developed.49 Interestingly, we found that the function of CP is
beyond that of a conductive 3D current collector to prevent the Na dendrite growth; the CP
also acts as a protective layer to alleviate the Na degradation during cycling. More
specifically, the electrochemical potential of the CP gains a pseudo-equal potential when
in contact with Na metal, and the side reactions induced by O2/O2- crossover preferentially
occur on the CP instead of the Na surface (Figure 2.10a). Consequently, the cycling
stability of constructed Na-O2 batteries can be significantly improved compared with that
of the cell using a bare Na anode. This strategy has been demonstrated to be effective in
alleviating Na degradation, while the Na corrosion induced by contaminants crossover
cannot be avoided during long-term cycling due to the porous structure of CP, which
provides abundant contaminant diffusion paths.
In fact, carbon films with a relatively dense structure are more desired in order to alleviate
the Na corrosion in Na-O2 batteries. Free-standing graphene films have been reported as
an artificial protection layer on the Na metal surface to stabilize the SEI layer as well as
physically blocking the Na dendrite growth. This makes these films ideal for suppressing
side reactions induced by contaminants crossover on the Na metal surface (Figure
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2.10b).113 On one hand, the contaminants can only diffuse through the interlayer ionic
channels of the graphene layers rather than migrate freely from the cathode to the Na metal
surface. On the other hand, the high surface area of graphene layer is hardly covered by the
side products, ensuring a significantly improved cycle life of Na metal anode in the
presence of contaminant crossover. A similar strategy has been reported in Li-S batteries,
where an integrated anode composed of a compacted graphite film and Li metal was
developed by Huang and co-workers.114 Lithiated graphite placed in front of the Li metal
can not only effectively stabilize the SEI layer on Li surface, but also simultaneously retard
the etching of Li metal by migrated polysulfides. This achieves dendrite-free Li anodes and
enhanced cycling performance of the Li-S batteries. Amorphous carbon also has the
potential to be used as a protective layer on the Na metal anode. A monolayer of
interconnected amorphous hollow carbon spheres coating, developed by Cui and
colleagues, acts as a stable interfacial layer on Li metal (Figure 2.10c).115 Due to the
conductivity difference between carbon spheres and current collectors, Li metal deposition
takes place on the Cu current collector, and a stable, conformal SEI layer forms on the
carbon nanospheres. The SEI layer formed on the interconnected carbon surface is not only
effective in inhibiting dendrite Li growth but also can be helps to prevent the penetration
of solvent molecules and contaminants. These benefits show great feasibility in preventing
Na degradation Na-O2 battery system.

Figure 2.10 (a) Illustration of protective effect of CP protective layer towards Na corrosion
induced by superoxide radical crossover.49 (b) Illustration of preparation and
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stripping/plating behavior of graphene-coated Na anode.113 (c) Fabrication process for the
hollow carbon nanosphere-modified Cu electrode, and modifying the Cu substrate with a
hollow carbon nanosphere layer creates a scaffold for stabilizing the SEI layer.115
As discussed above, developing a protective carbon layer coating on the Na metal anode is
an effective strategy to alleviate the Na corrosion caused by contaminants crossover. At
the same time, such carbon layer also acts as a physical barrier to suppress the dendrite
growth. More importantly, fabricating a protective layer on the Na metal anode is a
universal and effective approach to effectively restrict the O2/O2- from reaching the Na
surface. It can be expected that a longer cycle life of Na-O2 batteries can be achieved using
a more effective protective layer on Na metal anode. Although the study on suppressing
the Na dendrite growth and Na degradation is relatively scarce in Na-O2 batteries, earlier
research towards Na protection in symmetric cells provides some guidance for the rational
design of carbon materials for stabilizing the Na metal anode in Na-O2 batteries.51

2.5 Conclusion and perspective
Non-aqueous Na-O2 batteries have attracted enormous attention in the past few years
owing to their high energy density, low cost and environmental friendliness. As discussed
above, much effort has been made in exploring the cell chemistry and fabricating advanced
electrodes in order to improve the electrochemical performance of Na-O2 batteries.
However, Na-O2 battery technology is still at an immature stage and electrochemistry of
the Na-O2 battery is still elusive and controversial. The slight difference in the experimental
parameters, such as the microstructure and surface chemistry of air electrodes, the
composition and concentration of organic electrolyte, as well as the atmospheric
conditions, would affect the nature of discharge products and the Na-O2 cell performance.
A fundamental understanding on the working mechanism and impact factors is crucial for
the development of high-performance Na-O2 batteries. Theoretical calculations and various
in-situ/in-operando characterizations may help in searching for the underlying mechanism
of this system.
As a key component in Na-O2 battery, the development of highly efficient air cathodes has
been of significance due to its crucial role in determining the overall cell performance. As
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discussed, rational microstructure design through tailoring porous structure can effectively
increase the specific capacity and cycle life of the batteries. The application of
heteroatoms-doped air electrodes, as well as the attachment of solid catalysts on carbon
cathodes can facilitate peroxides oxidation with a lower charge overpotential, and thus the
side reactions involving a carbonaceous cathode at high voltage can be wisely avoided. It
should be noted that in order to screen a suitable catalyst in Na-O2 batteries, we should not
only focus on the effectiveness of the catalyst in facilitating peroxides decomposition, but
the parasitic reactions promoted by the catalysts should also not be neglected. Additionally,
to mitigate the side reactions induced by polymer binders’ decomposition, the binder-free
air electrode design is desirable to improve the stability of Na-O2 batteries.
In fact, the most outstanding advantage of Na-O2 batteries comes from its high theoretical
energy density, which is a result of high capacity of not only cathode materials but also the
Na metal anode. Safety issues caused by Na dendrite growth, as well as the Na degradation
induced by O2/O2- crossover severely limit the cycling stability of Na metal. Carbon
materials have been proved to be effective to promote the practical application of Na metal
and Na-O2 batteries due to their multifunctional roles, such as acting as a stable Na host,
lowering the local current density, stabilizing the SEI layer, and blocking the contaminants
crossover. However, the research on Na protection in Na-O2 battery systems has been
severely overlooked; designing highly stable Na anodes for practical use in Na-O2 batteries
is urgently needed. Therefore, it is necessary to understand the mechanism underlying the
Na dendrite growth in Na-O2 batteries, and the optimization of the organic electrolyte to
construct robust and stable SEI layer on the Na metal anode should also be considered.
So far, the Na-O2 batteries are still in its initial stages of development. Further
enhancements of the cell performance still need technology breakthroughs in mechanism
study and electrodes designing. Since Na-O2 and Li-O2 battery systems exhibit similar
working principles, the previous research on Li-O2 battery systems would be helpful for
providing guidance for the future research direction of Na-O2 batteries. We believe that
with more and more efforts being devoted, the practical application of Na-O2 batteries can
be expected in the foreseen future.
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Chapter 3

3

Experimental
Techniques

Apparatus

and

Characterization

In this chapter, the materials synthesis, as well as the working principles of various physical
and electrochemical characterization techniques are stated here.
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3.1 Experimental apparatus
3.1.1

Fabrication of 3D printed air electrodes

The air electrodes were prepared using an extrusion-based 3D printer (Figure 3.1). Firstly,
the starting material graphene oxide (GO) sheets were prepared by the modified Hummer’s
method. Then, the GO dispersion was washed with distilled water until the pH reached 7.0,
and then collected by centrifugation to achieve a ~15.0 mg mL-1 GO ink. No binder was
used for the printing ink preparation. Next, the ink was loaded into a 3 mL syringe and
extruded through a 300 µm diameter nozzle. The air electrodes were printed into a grid
structure with an overall diameter of 10 mm at a print motion speed of 8 mm s-1. After
removing the ink solvent of H2O by freeze drying for 24 h, the dried GO structure
underwent a thermal annealing process at 800℃ in an Ar/H2 atmosphere to obtain the 3D
reduced graphene oxide (rGO) Na-O2 air electrodes.

Figure 3.1 The fused filament fabrication (FFF) 3D printer.

3.1.2

Synthesis of Na3.25Zr2Si2.25P0.75O12 solid-state electrolyte

The NASICON-type Na3.25Zr2Si2.25P0.75O12 solid-state electrolyte (SSE) was synthesized
via sol-gel method (Figure 3.2). Firstly, stoichiometric amounts of tetraethylorthosilicate
(Si(OC2H5)4, Sigma-Aldrich, 98%) and zirconium (IV) propoxide solution (Zr(OC4H9)4,
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Sigma-Aldrich, 99.99%) were sequentially dissolved in ethanol. Then, acetic acid and
deionized water were added into the mixture dropwise, and the mixture sol was kept at
67°C under vigorous stirring for 10 h. Then, the sodium nitrate (Sigma-Aldrich, 99.0%)
and ammonium dihydrogen phosphate (Prolabo, 99.9%) were, respectively, dissolved in
water, and the solution was successively added into the hot mixture of silica and zirconia.
In the next step, the solution was slowly evaporated at 67°C to produce the precursor
powder with stirring, which was then heated at 500°C for 1 h under the O2 atmosphere to
burn out the organics. After this, the obtained powder was annealed at 1050°C for 10 h and
then uniaxially pressed into pellets, which were sintered at 1300°C for 12 h in the air
atmosphere.

Figure 3.2 The flowchart for the synthesis of Na3.25Zr2Si2.25P0.75O12 SSE.

3.1.3

Molecular layer deposition of alucone or polyurea on Na
anode

Molecular layer deposition (MLD) alucone and polyurea coating on air-sensitive Na metal
anode was carried out with the Gemstar-8 MLD system, which is directly connected to the
Ar-filled glove box (Figure 3.3). The MLD process is based on surface reactions where
the vapor-phase of precursors are alternatively pulsed into the reaction chamber and react
in a self-limiting manner. The self-limiting surface reactions enable the precise control over
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the thickness of conformal films on high aspect ratio substrates. Typically, the reactants of
MLD are bifunctional monomers for stepwise condensation polymerization and can yield
organic-inorganic or complete organic films.
The MLD-alucone thin film was deposited on fresh Na metal with two half reactions
between trimethylaluminum (TMA) and ethylene glycol (EG) at 90℃. Firstly, the Na
anode is exposed to TMA, and CH4 is released as the byproduct. In the next step, the
resulting surface reacts with the pulsed EG precursor, and again releases CH4 as the
byproduct. The MLD alucone process uses a 0.01s/40s/0.01s/70s TMA pulse/purge/EG
pulse/purge sequence. In this thesis, 50 MLD alucone cycle coatings were carried out on
Na foils. The MLD-polyurea was performed on fresh Na foil by alternatively introducing
ethylenediamine (ED) and phenylene diisocyanate (PDIC) as the precursors at 90℃. A
complete MLD polyurea cycle was described as ED pulse/purge/PDIC pulse/purge for
period of 0.1s/30s/1s/50s. 50 cycles of polyurea was performed on Na foil in this work.

Figure 3.3 The Gemstar-8 ALD/MLD system connected with Ar-filled glove box
(Arradiance, USA).

3.2 Characterization techniques
The physical and chemical properties of the materials, such as morphology, microstructure,
composition, surface chemistry, surface area, et al., were determined by using various

52

characterization techniques. For instance, scanning electron spectroscopy (SEM), X-ray
diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), timeof-flight secondary ion mass spectrometry (ToF-SIMS) etc. To investigate the
electrochemical properties of the as-prepared Na electrode, galvanostatic cycling
performance of coin cells at different current densities was evaluated using the Land testing
system. The galvanostatic discharge-charge tests on Swagelok-type Na-O2 batteries were
carried out using the Arbin BT-2000 battery testing system.

3.2.1

Physical characterizations

The morphologies of the materials were characterized by a Hitachi S-4800 SEM equipped
with energy dispersive spectroscopy (EDS), as shown in Figure 3.4. The SEM utilizes a
beam of focused electrons as an electron probe that is scanned across the surface of a
specimen. The beam’s interactions with the sample results in the emission of electrons and
photons as the electrons penetrate the surface. The emitted particles are collected using an
appropriate detector to yield information about the sample surface. In this thesis, the SEM
was operated at an acceleration voltage of 5KV in order to observe the sample
morphologies.

Figure 3.4 The Hitachi S-4800 scanning electron microscopy.
XRD is a powerful non-destructive technique to identify the structure of materials,
especially crystalline ones. XRD peaks are produced by constructive interference of a

53

monochromatic beam of X-rays scattered at specific angles from each set of lattice planes
in a sample. The peak intensities are determined by the atomic positions within the lattice
planes. Consequently, the XRD pattern is the fingerprint of periodic atomic arrangements
in a given material. In this thesis, the XRD patterns of the samples were collected on a
Bruker D8 Advanced diffractometer using Cu Kα radiation at 40 kV and 40 mA, the digital
photo of the XRD equipment is shown in Figure 3.5. For air-sensitive samples, a special
leak-tight XRD sample holder was employed to prevent the exposure of air during sample
testing.

Figure 3.5 The Bruker D8 Advance XRD with Cu-Kα radiation.
Raman spectroscopy is a technique to understand the vibration of chemical bonds through
detecting the inelastic scattering of incident monochromatic light. The interaction of the
incident light and the molecular vibrations results in light energy shifts and provides
fingerprint information of the molecules. In this thesis, the Raman spectra were collected
on a HORIBA Scientific LabRAM Raman spectrometer equipped with a 532.03 nm laser,
the digital photo of the Raman spectrometer is shown in Figure 3.6.
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Figure 3.6 Digital photo of HORIBA Scientific LabRAM HR Raman spectrometer system.
In this thesis, the specific surface area and pore volume of the 3D printed air electrodes
were determined by N2 adsorption/desorption isotherms conducted via Folio
Mocromeritics TriStar 3020 surface Area and Pore Size Analyzer (Figure 3.7). The surface
area of the electrode was used by the Brunauer, Emmett, and Teller (BET) model, and the
porous structure was determined by the Barrett, Joyner, and Halenda (BJH) model.

Figure 3.7 A Micromeritics Brunauer-Emmett-Teller surface area analyzer.
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XPS is a tool to understand the chemical information of elements through detecting the
amounts of escaped electrons from the sample surface at a certain excitation energy. In this
thesis, the XPS spectra were collected using monochromatic Al Kα radiation, and all the
spectra were calibrated by referencing the binding energy of a C-C bond at 284.8 eV.
ToF-SIMS is a powerful surface analysis technique. In this thesis, ToF-SIMS uses a pulsed
Cs ion beam to dislodge chemical species on the cycled Na@alucone electrode surface.
The secondary ions and ion clusters are removed from the surface of the samples. A timeof-flight analyzer is used to measure the exact mass of the emitted secondary ions and ion
clusters, and then the identity of an element and molecular fragment can be determined
based on the mass and intensity of the SIMS peak. A three-dimensional arrangement of the
substance also can be revealed with depth profiling data.

3.2.2

Electrochemical characterizations

The stripping/plating stability of Na anode in Na symmetric cells (CR2032 coin cell) was
evaluated using a Land 2001A battery test system at room temperature (Figure 3.8). A
certain constant discharge/charge current was applied to the coin cells during the repeated
stripping and plating process, then the electrochemical behavior of cells was recorded.

Figure 3.8 Land 2001A Battery Test System.
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The electrochemical performance of Na-O2 batteries was evaluated with Swagelok-type
cells. As shown in Figure 3.9, the Swagelok-type Na-O2 batteries are composed of plastic
and metal Swagelok units combined with a stainless-steel mesh current collector, a
cathode, a glass fiber separator, and a Na metal anode. The cathode side was exposed to
O2, while the opposite side is blocked. The galvanostatic discharge-charge tests on
Swagelok-type Na-O2 batteries were carried out using the Arbin BT-2000 battery testing
system at room temperature (Figure 3.10). The capacity, discharge/charge overpotential
and cycling stability of Na-O2 cells at different current densities can be obtained. It is noted
that both coin cells and Swagelok-type Na-O2 cells were assembled in Ar-filled glove box
with the oxygen and water contents below 0.1 ppm.

Figure 3.9 The configuration of Swagelok-type Na-O2 cell.

Figure 3.10 Arbin BT-2000 battery testing system.
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Chapter 4

4

3D printing of freestanding “O2 breathable” air electrodes
for high-capacity and long-life Na-O2 batteries

Superoxide-based Na-O2 batteries have been considered as one of the most promising
candidates for next-generation energy storage systems due to their high theoretical energy
density and energy efficiency. However, to fully realize the advantages of Na-O2 batteries,
the underutilization of air electrodes and poor cycling performance caused by limited O2
transport within the air electrodes should be well addressed. 3D printing is a powerful
technique in fabricating electrodes with special designs for various energy storage systems.
3D-printed electrodes have advantages of controllable 3D geometry/structure and tunable
layers, which promises efficient mass (O2/Na+) and electron transport.
In this chapter, 3D printing of reduced graphene oxide (rGO)-based air electrodes with
hierarchical porous structure were firstly demonstrated as “O2 breathable” for the Na-O2
batteries. The unique cathode structure features noncompetitive and continuous pathways
for O2, Na+ ions and, electrons. The macro pores provide smooth passages to facilitate O2
access across the whole electrode, while the micropores between rGO sheets serve as
electrolyte reservoirs and accommodate NaO2. The efficiently packed rGO sheets ensure
good electronic conductivity within the 3D architecture. Benefiting from the separated
pathways for the three phases, Na-O2 batteries with high specific capacities and long
cycling stability are achieved. In addition, the refined balance between electronic
conductivity and O2 transport was demonstrated.

*A version of this chapter has been published in Chemistry of Materials, 2020, 32, 7, 30183027.
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4.1 Introduction
The depletion of fossil fuels and undesirable environmental consequences have
dramatically promoted an extensive research for new energy storage systems, including LiS and metal-O2 batteries.1-5 Among them, rechargeable Na-O2 batteries have attracted
significant attentions due to their high theoretical energy density, high energy efficiency,
and environmental benignity.6-8 The low cost and abundance of the Na element are
additional advantages of the Na-O2 battery system with respect to energy storage for nextgeneration electric vehicles. However, the practical discharge capacities of Na-O2 batteries
are still far from the theoretical value, and their cycling performance is poor. Chemical and
electrochemical instabilities of cell components are partially responsible for the poor cell
performance.9-11 Electrolytes and polymer binders are readily attacked by the highly
nucleophilic anion O2- or singlet oxygen species 1O2 to generate unfavourable side
products, which is harmful to the reversible charge capacity and overall cell performance.12,
13

In addition, Na metal degradation caused by contaminants (O2, O2-, and H2O) and Na

dendrite growth are two main reasons for the premature cell death that cannot be
neglected.14-19 Nonetheless, it is widely accepted that the properties of the air electrodes
where the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) take
place are primarily affecting the electrochemical performance of Na-O2 batteries.
Unlike Li-O2 batteries in which the cathodes have minor effects on the growth of toroidal
Li2O2, which is reported as the only discharge product, the composition and morphologies
of the discharge products in Na-O2 batteries are highly dependent on the nature of the air
electrodes. As reported by Wang et al., Na2O2‧2H2O and NaOH were identified as major
discharge products of Na-O2 batteries with a CoO/CoP electrocatalyst.20 Ma and coworkers constructed air electrodes with a porous CoB catalyst that produced both NaO2
and Na2O2 during the discharge process of the Na-O2 batteries.21 Different to the formation
of micrometre-sized NaO2 on the carbon paper (CP) cathode through a solution-mediated
path, Lutz et al. found that the introduction of Au on CP resulted in the formation of NaO2
flakes through a surface-mediated route, accompanied by a significant decrease in
capacity.22 Compared with Na2O2, Na2O2‧2H2O, NaOH, and Na2CO3, micron-sized NaO2
is more desired as a low overpotential and good capacity retention are hardly achieved
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simultaneously once other products are produced. Therefore, the fabrication of air
electrodes with favourable surface chemistries for reversible formation and decomposition
of cubic NaO2 is crucial to achieve high-performance Na-O2 batteries.
In addition to the cathode surface properties, a rationally designed architecture could be
important for fully utilizing the air electrode.23-25 Due to the transport limitation of O2
within the organic electrolytes, the NaO2 particles predominantly deposited in the electrode
region with sufficient exposure to O2. The accumulation of NaO2 particles on the oxygen
side of cathode can clog the electrode surface that restricts O2 access in the interior air
electrode, resulting in the premature termination of the discharge process and
underutilization of the air electrodes.25-27 Even the H23 CP cathode with large pores on the
scale of tens of microns shows no exception, with a Na-O2 battery capacity of only ~50%
of the theoretical value.6 Nichols et al. verified that the discharge capacity of Na-O2
batteries can be improved by increasing the oxygen partial pressure as it changed the
concentration gradient for faster oxygen diffusion in the organic electrolyte.26 By
fabricating self-stacked nitrogen-doped carbon nanotube air electrode, Sun et al. further
highlighted the importance of rapid O2 and Na+ transportation within the air electrode.24
However, the studies of the fabrication of engineered air electrodes with effective O2
transport channels are relatively scare, and limited O2 mass transportation within the air
electrode is still a substantial challenge, especially the thick cathodes.28,
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Additive

manufacturing, also known as a 3D printing technique, has attracted an enormous amount
of attention in the energy storage field due to its feasibility in fabricating a complex 3D
architecture.30-34 Among various printing materials, graphene oxide (GO) has shown
unique viscoelastic properties and printing capabilities when dispersed in H2O with a high
concentration.35 Moreover, the electrical conductivity of the GO can be retrieved after
thermal reduction, with the formation of rGO electrode. Since highly concentrated GO ink
can be directly printed into fine filaments, 3D periodic rGO-based air electrodes with the
desired architecture and thickness can be well patterned through careful control of printing
parameters.
Herein, we first fabricate a novel “O2 breathable” air electrode by 3D printing for highperformance superoxide-based Na-O2 batteries. The 3D printed air electrode has a stacked
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mesh structure with macroscale open pores and interconnected conductive filaments that
composed of rGO sheets. The vertical open channels across the electrode facilitate
continuous O2 access, promising a full utilization of the active sites on the air electrode.
Additionally, the micropores among the rGO sheets provide sufficient space for electrolyte
permeation and NaO2 accommodation. The efficiently packed rGO sheets also ensure
sufficient electronic conductivity within the 3D architecture. Consequently, a high specific
capacity of 13484.6 mAh g-1 (9.1 mAh cm-2) can be achieved at 0.2 A g-1. Unprecedentedly
stable performance is achieved over 120 cycles with a cutoff capacity of 500 mAh g-1 at
0.5 A g-1. The diameter of the O2 channels in the air electrode is optimized on the basis of
the balance between electronic conductivity and the O2 transportation. This work clearly
elucidates the importance of the rational design of the air electrode structure for realizing
high-performance Na-O2 batteries. The emerging 3D printing technique combined with a
freeze-drying procedure is demonstrated to be a powerful tool for fabricating effective air
electrodes with hierarchical pores.

4.2 Experimental section
Graphene oxide (GO) ink preparation and air electrode preparation. GO sheets were
prepared by the modified Hummer’s method according to the previous report.7 Then, the
GO dispersion was washed with distilled water until the pH reached 7.0 and then collected
by centrifugation to achieve an ~15.0 mg mL-1 GO ink. No binder was used for the printing
ink preparation. Next, the ink was loaded into a 3 mL syringe and extruded through a 300
µm diameter nozzle. The 3D printed air electrodes with no open pores (3DP-NP), small
open pores (3DP-SP), and large open pores (3DP-LP) were printed with an overall diameter
of 10 mm at a print motion speed of 8 mm s-1, and the diameter of the pores was controlled
by changing the distances between the adjacent filaments. The printed GO-based patterns
were freeze-dried for 24 h and subsequently thermally reduced at 800℃ in a H2/Ar
atmosphere for 2 h to obtain the rGO-based air electrodes.
Battery assembly and electrochemical measurements. The electrochemical performance
of Na-O2 batteries was evaluated with Swagelok-type cells.18 The Na-O2 cell were
assembled with a CP (Fuel Cell Store, H23) interlayer protected Na anode, a glass fibre
separator, and a 3D printed air electrode. The configuration of the Na-O2 batteries is shown
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in Figure S4.1. The electrolyte was 1 M sodium triflate (NaSO3CF3) dissolved in
diethylene glycol dimethyl ether (DEGDME, reagent grade ≥ 98%, Aldrich). The same
amount of electrolyte (100 μL per cell) was added in the control. The electrolyte
preparation and battery assembly were carried out in an Ar-filled glove box with the oxygen
and water contents of ˂ 0.1 ppm. The Na-O2 cells were operated under static O2 with the
pressure of 1.5 atm in a homemade testing box. Each Na-O2 cell was stabilized for 1h at
room temperature before being tested. The galvanostatic discharge-charge tests were
carried out using an Arbin BT-2000 battery testing system. Noted that the DEGDME was
dried by freshly activated molecular sieves (4 Å, Aldrich) for two weeks, and NaSO3CF3
salt was dried under vacuum at 80 ℃ for one week before use.
Material characterization. The morphologies and structures of air electrodes, as well as
the discharge product, were characterized by a Hitachi S-4800 scanning electron
microscope (SEM) and transmission electron microscopy (TEM, JEOL 2100F). X-ray
diffraction (XRD) (Bruker D8 Advance) with Cu-Ka radiation was used for structural
characterization, and the data were collected from 30o to 70o in 2θ at a scanning rate of 1o
min-1. The Raman spectra were recorded on a HORIBA Scientific LabRAM Raman
spectrometer equipped with a 532.03 nm laser. X-ray photoemission spectra (XPS) was
carried out by a Kratos Axis Ultra Al‐α spectrometer operated at 14 kV. The surface area
and pore volume of three air electrodes were studied by N2 adsorption/desorption using the
Brunauer-Emmett-Teller (BET) method. In this study, the discharged/charged electrodes
were washed with fresh DEGDME to remove any residual NaSO3CF3 salt and then
thoroughly dried in a vacuum chamber before SEM, XRD and Raman measurements.
Leak-tight XRD and Raman sample holders were used to prevent the exposure of air during
sample testing.

4.3 Results and discussion
The fabrication of the free-standing “O2 breathable” Na-O2 battery cathode is schematically
illustrated in Figure 4.1. A homogeneous GO ink was prepared with the desired rheological
properties. Then, the stacked mesh structure of GO was printed layer by layer through a
nozzle (⌀ = 300 µm). After the ink solvent of H2O had been removed by freeze-drying for
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24 h, the dried GO structure underwent a thermal annealing process at 800℃ in an Ar/H2
atmosphere to yield the 3D rGO Na-O2 cathodes. For comparison, the 3DP-NP, 3DP-SP,
and 3DP-LP air electrodes were prepared via an identical procedure except for the different
spacing between adjacent filaments. It should be noted that the introduction of macro open
pores into the air electrode is difficult to realize by the traditional electrode fabrication
methods.36 Additionally, different to the dip-casting method, no polymer binder was
involved during the preparation of 3D-printed air electrodes because the highly
concentrated GO ink provides the prerequisite viscosity to bind the GO nanosheets together.
The binder-free feature of the 3D-printed air electrodes is not only favorable for increasing
the electrode energy density but also can eliminate the binder-related parasitic reactions
induced by the nucleophilic attack of O2- towards binders in Na-O2 batteries.37-40

Figure 4.1 Schematic illustration of the 3D-printed “O2 breathable” air electrodes for NaO2 batteries.
Raman characterization was conducted to investigate the structure changes of GO during
the reduction process. As shown in Figure S4.2, GO showed broad D (1350 cm-1) and G
(1587 cm-1) bands before the thermal treatment, which is a typical Raman spectrum of
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GO.41-43 After the thermal reduction, the peaks became sharper and the full width at half‐
maximum for both D and G bands decreased, suggesting a higher graphitization degree of
the rGO air electrode. Additionally, the increase in the intensity ratio (ID/IG) from 0.93 of
GO to 1.05 of rGO can be attributed to the presence of unrepaired defects that remained on
rGO after the removal of oxygen-containing functional groups. The removal of oxygencontaining functional groups after reduction can be further confirmed by the remarkable
increase in the atomic C/O ratio in the normalized wide-scan survey XPS spectra of rGO
(Figure S4.3). On the basis of the deconvoluted XPS spectra of the C 1s and O 1s regions,
the oxygen-containing functional groups, including C=O, COH, and COOH groups, can be
partially removed during the thermal reduction process. It is noteworthy that thermal
annealing not only can improve the electrode electrical conductivity (Figure S4.4), but also
is favorable for minimizing the undesired reactions catalyzed by oxygen-containing
functional groups at the air electrodes during the ORR process of Na-O2 batteries.44
The microstructure of the as-prepared rGO air electrodes was characterized by SEM, as
shown in Figure 4.2. Top-view SEM images of 3DP-SP and 3DP-LP cathodes show the
stacked mesh structure with macroscale open channels for O2 passage and conductive
filaments (~300 µm) of rGO sheets. The diameter of the open channels for 3DP-SP and
3DP-LP electrodes are approximately 350 and 520 µm, respectively; no obvious gap was
observed between adjacent filaments for the 3DP-NP electrode (Figure 4.2a-c). Despite
the different macroscopic channels introduced by 3D printing, similar honeycomb porous
microstructures were constructed in three air electrodes (Figure 2d-f). The presence of
microscale pores in the air electrodes can be attributed to the removal of ice template during
the freeze-drying procedure. The ice-templating mechanism can force the GO sheets to
align along the growing boundaries of the ice crystals, and thus, the restack of the GO
sheets under the effect of van der Waals or capillary force can be prevented.35, 41, 45 The
nitrogen adsorption/desorption isotherm of 3DP-NP, 3DP-SP, and 3DP-LP in Figure S5
indicate the presence of both macropores (pore diameter > 50nm) and the mesopores (2
nm < pore diameter < 50 nm), and three electrodes possess similar BET surface area of
342.8, 362.6, and 369.6 m2 g-1, respectively. The resultant mesopores contributed to the
high degree of exposure of active sites on cathodes for ORR and OER and, at the same
time, micrometer-sized pores that are favorable for accommodating insoluble NaO2.
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Additionally, it is worth noting that the hierarchical structures of air electrodes were robust
after freeze-drying and thermal reduction (Figure S6 and inset in Figure 2a-c), even
though no polymer binder was used, which is urgently desired for Na-O2 batteries.

Figure 4.2 Top-view SEM images of (a, d) 3DP-NP, (b, e) 3DP-SP, and (c, f) 3DP-LP air
electrodes at different magnifications (insets in a-c are optical images of the 3D printed
electrodes); Cross-sectional SEM images of (g) 3DP-NP, (h) 3DP-SP, and (i) 3DP-LP
cathodes.
The cross-sectional SEM images of three different air electrodes (Figure 2g-i) displayed a
similar thickness of ~ 600 µm, which are thicker than the electrodes fabricated by
conventional casting method.36 The comparable electrode thickness can minimize the
effect of electronic transmission efficiency on the performance of Na-O2 batteries among
the three air electrodes. Excellent affinity without obvious boundaries was observed
between the adjacent printing layers in the three air electrodes. The structural unity and
highly interconnected 2D rGO sheets with diameter of ~ 5 µm ensured efficient electronic
conduction throughout the electrode (Figure S7 and S8), and at the same time, infusion of
liquid organic electrolyte in this structure yielded smooth Na+ transport pathways. The
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macro open channels in 3DP-SP and 3DP-LP electrodes that penetrated across the
thickness of the air electrodes are beneficial for sufficient O2 access during the ORR and
OER processes. Meanwhile, the micro spacings are also distributed throughout the depth
of the rGO filaments, providing a benefit for the full utilization of an air electrode during
the discharge and charge process (Figure S9). Intuitively, the favorable hierarchical porous
electrode with an interconnected conductive network and efficient O2 transportation
channels can reduce the internal cell resistance, ensure the high availability of the active
sites, and thus improve the overall performance of Na-O2 batteries.

Figure 4.3 Initial discharge-charge profiles of (a) 3DP-NP, (b) 3DP-SP, and (c) 3DP-LP
cathodes at the current densities of 0.2, 0.5, 1, and 2 A g-1. (d) Initial discharge-charge
profiles of the 3DP-NP, 3DP-SP and 3DP-LP cathodes that extracted from figure 3a-c at
the current density of 0.5 A g-1. (e) Areal specific capacity of Na-O2 cells with three
different cathodes. (f) Comparison on the rate performance of the 3DP-SP cathode in the
present work with other reported rGO-based cathodes.
Electrochemical performance of Na-O2 batteries with three different air electrodes was
tested in the voltage range of 1.5-4.5 V at different current densities. Note that the
electrically connected CP interlayer with Na metal as the protected Na anode is employed
when assembling the Na-O2 cells, to prevent Na dendrite growth and alleviate Na anode
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degradation.17, 18, 46 As shown in Figure 4.3a-c, the Na-O2 batteries with different air
electrodes exhibited similar discharge and charge voltage profiles except for the total
specific capacities, which indicated no obvious difference in reaction mechanism during
their ORR and OER processes. At different current densities of 0.2, 0.5, 1, and 2 A g-1, the
3DP-SP air electrodes delivered initial discharge capacities of 13484.6, 11935.3, 7939.6,
and 2841.4 mAh g-1, respectively, whereas the 3DP-NP electrodes exhibited significantly
decreased discharge capacities of 4385.6, 3425.8, 1890.5 and 865.9 mAh g-1, respectively.
Because the three air electrodes possess similar mesopores and micrometer pores, the
absence or presence of large open pores on air electrodes should be responsible for the
distinct discharge capacities of Na-O2 batteries. While it is noticable that the discharge
capacities of the 3DP-LP air electrode were slightly lower than those of the 3DP-SP
electrode (Figure 4.3b and c). The initial discharge-charge profiles of the Na-O2 batteries
based on three air electrodes at 0.5 A g-1 was extracted from Figure 4.3a-c with a cutoff
capacity of 3000 mAh g-1. As shown in Figure 4.3d, the degrees of voltage polarization of
the 3DP-SP and 3DP-LP air electrodes were significantly smaller than that of 3DP-NP air
electrode, consequently yielding higher round-trip energy efficiencies. While 3DP-LP air
electrode exhibited an overpotential slightly larger than that of the 3DP-SP electrode at 0.5
A g-1, this difference was more obvious at a higher current density of 1 A g-1 (Figure S4.10),
indicating that the different sizes of open channels had an influence on the internal
resistance of the electrodes.
Compared to the 3DP-NP electrode, the enhancement of discharge capacities as well as the
ORR/OER kinetics of the 3DP-SP and the 3DP-LP air electrodes can be attributed to their
efficient O2 transport across the electrode from the macro open channels. However, the
increase in open pore size results in a higher porosity and less conductive pathways in the
3DP-LP air electrode than in the 3DP-SP electrode, which was adverse to the electronic
conduction within the electrode43 and thus led to the relative higher discharge/charge
overpotential of the 3DP-LP air electrode. In addition, even though the O2-breathing
electrodes have been highly utilized, the high porosity of 3DP-LP cathodes could
eventually limit the areal discharge capacity due to low carbon loading and insufficient
active surface area. Overall, the 3DP-SP electrodes, which had maximized the active rGO
surface with appropriate O2-breathing capability, exhibited the highest areal capacities
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among three designs of air electrodes at all current densities (Figure 4.3e). Specifically,
the 3DP-SP electrode achieved a high areal capacity of 9.1 mAh cm-2 at 0.2 A g-1, whereas
the 3DP-NP and 3DP-LP air electrodes only delivered 5.3 and 5.8 mAh cm-2, respectively.
Compared to the reported rGO-based cathode for non-aqueous Na-O2 batteries,36, 47-51 the
3DP-SP air electrode demonstrates substantial superiority in specific capacities at all
current rates (Figure 4.3f), benefiting from the well designed O2 breathing channels and
sufficient active surface. It is also noteworthy that the short-circuiting issue can be
completely eliminated due to the employment of CP interlayer, which can facilitate Na
deposition within its 3D structure, contributing to the high reversibility of Na-O2 batteries
(Figure S4.11).

Figure 4.4 SEM images of (a-c) fully discharged 3DP-NP cathode and (d-f) partially
discharged 3DP-SP cathode at 0.2 A g-1 with focuses on the O2 accessible surface (a, d),
cross-section close to the side of O2 flow (b, e), and cross-section near the separator side
(c, f). (g) SEM image and the corresponding EDX elemental mappings of the discharged
3DP-SP cathode. The discharge capacities of both 3DP-NP and 3DP-SP cathodes are 4613
mAh g-1.
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To further understand the different discharge capacities between 3DP-NP and 3DP-SP air
electrodes, two typical electrodes were disassembled for morphological investigations after
discharging at 0.2 A g-1. Panels a-c of Figure 4.4 depict the microstructures of the fully
discharged 3DP-NP electrode and discharge products determined by SEM. It can be clearly
observed that the outer surface (the side facing O2 flow) of the air electrode was covered
by numerous NaO2 cubes with dimensions of ˃ 20 µm. Such large cubic discharge products
are similar to those observed on CP cathodes in our previous report.18 The cross-sectional
SEM images indicated a spatial variation in the distribution and size of NaO2 cubes across
the 3DP-NP electrode. Medium sized NaO2 cubes with an average dimension of ~15 µm
were dispersed in fitting pores of the electrode close to O2 flow (Figure 4.4b), while the
amount of NaO2 cubes substantially decreased toward the separator side, indicating
incomplete utilization of the 3DP-NP air electrode. The decreasing degree of deposition of
NaO2 from the O2 accessible side to the separator side was consistently observed across
the 3DP-NP electrode (Figure S4.12). Few NaO2 were observed in the regions approaching
the separator. In contrast, with the same discharge capacity, the discharge product NaO2
deposited across the depth of the entire 3DP-SP air electrode (Figure S4.13). SEM images
in Figure 4.4d-f clearly show the uniform and widespread occurance of cubic NaO2
deposits across the depth of the 3DP-SP air electrode, but with decreasing dimensions. The
small cubic deposits (≤ 5 µm) on the 3DP-SP air electrode toward the separator side were
confirmed to be NaO2 by energy dispersive X-ray spectroscopy (EDX) elemental mapping
images in Figure 4.4g. Unlike the pore clogging behaviors in the 3DP-NP electrode, the
dissolved Na+-O2- can be continuously deposited onto the existing small NaO2 cubes upon
further discharging due to the efficient O2 access. This also explains the high discharge
capacity achieved by the 3DP-SP air electrodes.
On the basis of the SEM observations, we can relate the distinct NaO2 distributions to the
different O2 accessibilities across the two air electrodes. Due to the easy access of O2 and
fast electronic conductivity, the NaO2 cubes were preferentially formed on the outer surface
of both 3DP-NP and 3DP-SP electrodes in large size (20 µm) (Figure 4.4a and d).
However, due to the pore clogging effect, the accumulation of the discharge product
impeded O2 transfer within the 3DP-NP air electrode for further discharge. As a result,
active sites away from the surface were not fully utilized. In the case of the 3DP-SP air
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electrode, the vertical open pores in the electrode act as the O2 transport channels, ensuring
continuous O2 access during the proceeding discharge process. Hence, full utilization of
active sites on the electrode as well as high discharge capacity can be achieved. A similar
result also can be observed for the 3DP-LP air electrode due to the positive effect of the
open O2 channels (Figure S4.14).

Figure 4.5 (a) Cycling performance of Na-O2 batteries using 3DP-NP, 3DP-SP, and 3DPLP cathodes with a limited discharge capacity of 500 mAh g-1 at 500 mA g-1; corresponding
discharge/charge profiles of (b) 3DP-NP and (c) 3DP-SP air electrodes at different cycles.
(d) The cycling performance of 3DP-SP electrode at 1000 mA g-1 with a limited discharge
capacity of 500 mAh g-1. (e) XRD patterns and (f) Raman spectra of 3DP-SP electrodes at
different discharge/charge states upon cycling at 500 mA g-1 by curtailing the discharge
capacity to 500 mAh g-1.
The cycling performance of Na-O2 batteries using 3DP-NP, 3DP-SP, and 3DP-LP
electrodes is shown in Figure 4.5a. At 0.5 A g-1 with a limited capacity of 500 mAh g-1,
the 3DP-SP cell exhibited the longest cycle life of the three of 122 cycles, which
substantially surpassed the 39 cycles of the 3DP-NP cell and 105 cycles of the 3DP-LP cell.
Notably, the discharge-charge profiles of 3DP-SP cell were highly stable during cycling,
and the terminal discharge voltage was still ˃ 2.0 V at 80 cycles. In a manner consistent
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with the rate profiles in Figure 4.3a-c, the 3DP-NP cell exhibited a discharge/charge
overpotential that was larger than that of the 3DP-SP and the 3DP-LP cells (Figure 4.5b,
c and S4.15). As the thickness of the three air electrodes were comparable, O2 accessibility
and electronic conductivity rather than ionic resistance were responsible for the different
cycle lives. Even with a limiting discharge capacity of 500 mAh g-1 at a higher current
density of 1000 mA g-1, a Na-O2 battery based on the 3DP-SP cathode also achieved
excellent cycling stability over 100 cycles (Figure 4.5d and S4.16). These result again
highlight the rational design of the air electrode that significantly enhanced the
electrochemical performance of Na-O2 batteries.
Figure 4.5e shows the XRD patterns of the 3DP-SP air electrode at different dischargecharge cycles to evaluate the reversibility of the electrochemical products. Regardless of
the 1st or the 50th discharge state, the characteristic peaks of crystalline NaO2 can be
observed clearly. Both the positions and intensities of the reflections are in good agreement
with the previous reports.27, 52 The disappearance of the NaO2 characteristic peaks at the
1st and the 50th charge states indicated the high reversibility of NaO2, as also evidenced
by the absence of cubic particles on the SEM image of the recharged air electrode (Figure
S4.17). While noted that small peaks of Na2O2‧2H2O appearing at 2θ ≈ 37.1º, 40.6º and
41.2º after 50 cycles, which can be ascribe to the reaction between NaO2 and water that
from gas or an electrolyte during cycling.53,
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The highly reversible formation and

decomposition of NaO2 on the 3DP-SP electrode were further confirmed by Raman
analyses (Figure 4.5f). The Raman spectra of the discharged 3DP-SP air electrodes
exhibited strong signals of NaO2 at 1156 cm-1 that disappeared after charge. The XRD and
Raman results complementarily proved that the high discharge and charge capacities of the
3DP-SP air electrode were indeed resulted from the desirable formation and decomposition
of NaO2.
Different to the peroxide based Na-O2 batteries that require a high charge voltage (> 3.5
V) like Li-O2 batteries, the electrochemical reduction of NaO2 exhibits a low charge
overpotential. Therefore, the concerns about electrolyte decomposition and singlet 1O2
generation during charging at high voltages were avoided.13 Additionally, the binder-free
feature of the 3D-printed air electrodes eliminated possibly undesirable side reactions that
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could be induced by proton abstraction of O2- from the binder polymer backbone. However,
it should be noted that the formation of NaO2 via the solution-mediated path result in a
large amount of the dissolved O2- intermediate in the organic electrolyte. Therefore, the
degradation of the air electrode induced by the O2- radical cannot be avoided, and the active
sites on the air electrode surface will be gradually covered by the film-like side products,
especially after long-term cycling (Figure S4.18). Additionally, the dissolved O2intermediate tends to migrates from the cathode to the Na anode, which not only induce
severe Na anode corrosion but also result in reversible charge capacity loss and inferior
Coulombic efficiency (< 100%) (Figure 4.5b, c).15,

18

Note that the incomplete

decomposition of NaO2 also contribute to the limitted Coulombic efficiency of Na-O2
batteries. Except for the issues mentions above, the structure changes of the air electrode
during cycling may also responsible for the limited cycle life. Since the discharge product
of Na-O2 batteries is cubic NaO2, and the NaO2 size can be 1-50 µm. With the repeated
formation and decomposition of NaO2 during cycling, the pore structure of the air electrode
may change or even cause slight pore structure collapse, which is adverse to the stable
cycling of Na-O2 batteries. Additionally, the Na-O2 battery is an open system, so the effect
of organic electrolyte evaporation as well as the electrolyte decomposition/consumption
also cannot be neglected. All these factors inevitably attenuate the cycle life of Na-O2
batteries.
In fact, the electrochemical performance of the Na-O2 batteries is also comprehensively
affected by the mass transport of O2 /Na+ and the electronic conductivity within the cathode.
The highly microporous structure of the 3DP-NP enabled thoroughout permeation of
electrolyte in the electrode with high active surface area, which benefited rapid access of
Na+. However, the electrolyte flooding conversely limited O2 transport. The accumulation
of insoluble discharge products on the open surface of the air electrode had blocked the
passage of O2 to the inner electrode for complete discharge. Hence, the 3DP-NP cathode
exhibited poor rate capability and low capacity. With respect to the 3DP-LP cathode, the
entire air electrode was accessible to both the organic electrolyte and O2 due to microporous
framework and additional O2 pathways. The sufficient O2 and Na+ access to the active
surface led to a discharge capacity that was higher than that of the 3DP-NP air electrode;
however, the total active rGO surface and electronic pathways were limited in the 3DP-LP
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cathode when the O2 open channels were too large, causing drawbacks to the Na-O2 cell
performance. The impressive performance of the 3DP-SP cathode was attributed to the fine
balance between efficient ionic/electronic conductions and enhancement of O2 diffusion
kinetics within the electrode. The appropriate proportion of O2 pathways in the electrode
facilitated continuous ORR in the air electrode, alleviating the concern of rate-limiting O2
transport that had been demonstrated by the 3DP-NP cathode. Moreover, the effective areal
mass loading of the 3DP-SP cathode was much higher than that of the 3DP-LP electrode,
providing a significant improvement in electronic conduction and active surface area. It
should be noted that the optimized electrode in this work was the 3DP-SP electrode, but
the optimal size and proportion of open O2 channels may vary depending on the 3D printing
materials, resolution, thickness, and drying methods for the electrodes. Upon development
of 3D printing techniques that shall be printable for thicker electrodes with smaller O2 open
channels, further enhancements in areal capacity and rate capability for Na-O2 batteries are
expected.

4.4 Conclusion
In summary, we designed and fabricated a freestanding “O2 breathable” air electrode with
micro open pores by a 3D printing technique for high-performance Na-O2 batteries. Unlike
the uniform microporous 3DP-NP air electrode, the built-in O2 pathways in the “O2
breathable” cathode facilitated sufficient O2 access even in the inner cathode, preventing
surface clogging by discharge products and premature cease of discharge. Moreover, an
appropriate proportion between rGO active frameworks and O2 open channels in the 3DPSP electrode (compared to the 3DP-LP electrode with large O2 channels and less active
rGO loading) endowed the cathode with an effective balance between electronic
conductivity and O2 access. In terms of synergistic results, the 3DP-SP air electrode
achieved high utilization and a remarkable capacity of 13484.6 mAh g-1 (9.1 mAh cm-2) at
0.2 A g-1. Stable cycling performance was demonstrated over 120 cycles with a cutoff
capacity of 500 mAh g-1 at 0.5 A g-1, which is among the value of top-class superoxide NaO2 batteries. The ingenious application of 3D printing to demonstrate the importance of air
electrode design with sufficient O2/Na+ transportation and excellent electronic conductivity
shall inspire the development of high-performance Na-O2 batteries.
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4.7 Supporting information

Figure S4.1 Schematic illustration of a Na-O2 battery with carbon paper protected Na
anode.

Figure S4.2 The Raman spectra of 3D printed GO and rGO electrodes.
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Figure S4.3 (a) Normalized wide-scan survey XPS spectra for GO and rGO. (b-e) C 1s
and O 1s spectra of GO and rGO.

Figure S4.4 Current-voltage (I-V) curves of GO and rGO.
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Figure S4.5 Nitrogen adsorption/desorption isotherm of the (a) 3DP-NP, (b) 3DP-SP, and
(c) 3DP-LP cathode; Pore size distribution plot of the (d) 3DP-NP, (e) 3DP-SP, and (f)
3DP-LP cathodes.

Figure S4.6 The optical images of the printed electrode before freeze-drying and thermal
reduction.
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Figure S4.7 The high magnification SEM image of the 3DP-SP electrode with highly
interconnected rGO sheets.

Figure S4.8 The (a) SEM and (b) TEM images of the rGO.

Figure S4.9 The cross-sectional SEM images of the 3DP-SP air electrode at different
magnifications.
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Figure S4.10 The discharge/charge profiles of the 3DP-NP, 3DP-SP and 3DP-LP air
electrodes with a cutoff capacity of 1500 mAh g-1 at 1A g-1.

Figure S4.11 The SEM image of bulk Na side of carbon paper interlayer after the Na-O2
cell is fully charged at 0.2 A g-1.
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Figure S4.12 The cross-sectional SEM images of fully discharge 3DP-NP air electrode at
200 mA g-1, and the discharge capacity is 4613 mAh g-1.

Figure S4.13 The cross-sectional SEM images of discharged 3DP-SP air electrode with a
discharge capacity of 4613 mAh g-1 at 200 mA g-1.
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Figure S4.14 The cross-sectional SEM image of discharged 3DP-LP air electrode with a
discharge capacity of 4613 mAh g-1 at 200 mA g-1.

Figure S4.15 The discharge/charge profiles of 3DP-LP air electrodes at different cycles.
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Figure S4.16 The cycling performance of Na-O2 cell with 3DP-SP electrode at 1000 mA
g-1 with a limited discharge capacity of 500 mAh g-1.

Figure S4.17 The morphology of the recharged 3DP-SP cathode at 500 mA g-1 with a
capacity of 500 mAh g-1.

Figure S4.18 The SEM image of discharged 3DP-SP air electrode after 100 cycles.
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Chapter 5

5

On the cycling performance of Na‐O2 cells: Revealing
the impact of the superoxide crossover toward the
metallic Na electrode

Na metal is used as the exclusive anode in most of the researches of Na-O2 batteries.
However, there have been a few papers showing that Na-O2 batteries with metallic Na
anode suffer from short-circuiting issue induced by dendrite growth, resulting in premature
cell death and safety concerns. Compared with tremendous efforts that devoted to
designing advanced air electrodes, research on the anode of Na-O2 batteries has been
severely overlooked. As a key component of Na-O2 batteries, the effect of metallic Na
anode on Na-O2 cell performance should be investigated in detail.
In this chapter, a novel Na-O2 battery using electrically connected carbon paper (CP) with
Na metal as a protected anode is presented. The superoxide (O2-) crossover was found to
be responsible for the limited Coulombic efficiency and detrimental Na corrosion in NaO2 batteries. Interestingly, the CP protected Na anode shows promising results for solving
the cell short circuit via decreasing the local current density imposed to the Na anode. At
the same time, the CP maintains a pseudo-equal potential with the Na metal and works as
an artificial protective layer to suppress the detrimental side reactions induced by migrated
O2-/O2 on the Na electrode. Consequently, the Na-O2 cells with CP protected Na anode
exhibited two times higher discharge capacities and cycling stability compared with the
cells using bare Na. These results indicate the crucial role of the Na anode in determining
the overall cell performance, and a rational design of anode can dramatically contribute to
develop advanced Na-O2 batteries with longer lifespans and better cycling performance.

*A version of this chapter has been published in Advanced Functional Materials, 2018,
28, 1801904.
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5.1 Introduction
Metal-oxygen batteries have recently attracted an extensive amount of attention as one of
the most promising power sources for next generation electric vehicles and large-scale
stationary electricity storage due to their ultrahigh theoretical energy densities.1-4 In the
past few decades, remarkable scientific advances have been made in elucidating the
electrochemistry of various metal-oxygen batteries.5,

6

Despite the fact that the

rechargeable Li-O2 batteries deliver a much higher energy density compared to other metaloxygen battery systems, future development of Li-O2 batteries have been hindered by
scientific challenges, especially the high charge overpotential.7-9 As an alternative of Li-O2
battery, superoxide-based Na-O2 batteries are more promising for future applications in
terms of good reversibility, high round-trip energy efficiency, and clean chemistry.10-13
However, the poor cycling performance is still one of the major challenges faced by stateof-the-art Na-O2 batteries, and this critical problem will need to be properly addressed
before it can be used in practical applications.
It is well accepted that the characteristics of the air electrodes, such as pore volume, pore
size distribution, and surface area are key to achieving high performance Na-O2 batteries.1417

Meanwhile, the presence of aprotic additives, the selection of organic electrolyte,

conducting salts, binder, and even humidity have a profound effect on the Na-O2 (or Naair) cell performance.18-22 In this regard, much effort has been devoted to investigating the
underlying mechanisms at the cathode side of Na-O2 batteries. In contrast, as another key
component of Na-O2 batteries, the effect of metallic Na anode on the Na-O2 cell
performance has been seldom studied in detail.23-25 Up to now, there have been a number
of papers showing that Na-O2 batteries with metallic Na anode may suffer from shortcircuiting issue induced by Na dendrite growth, leading to premature cell death and safety
concerns. Nonetheless, it is still widely presumed that the air electrode plays the most
important role in the electrochemical performance of Na-O2 batteries. Therefore, very few
researches in the field of Na-O2 battery have focused on the anode side.
The observation of Na dendrite growth in Na-O2 battery was firstly reported by Guo and
coworkers.23 The origin of Na dendrite growth in Na-O2 battery system has also been
reported and studied by Janek’s group, where a ceramic Na+ conductor was used to
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suppress the dendrite growth in their reports.25-28 In another study, they replaced the Na
metal anode with a sodiated carbon anode, achieving improved cycling life and energy
efficiency.29 Nonetheless, from a practical perspective, the low capacity of current carbon
anode for sodium batteries may still be insufficient to match the large capacity of air
electrode. The importance of addressing challenges with regards to the Na anode were
further confirmed with the application of sodium ion selective membranes in the research
of Bi et al..24 However, this study on the understanding of the role and mechanism of the
negative electrode in Na-O2 batteries is still relatively scarce.
Compared with Li-O2 cells, the dissolved Na+-O2- in the Na-O2 cells is more stable than its
Li counterpart,30 and a solution-based mechanism for the formation of NaO2 have been
widely reported.31-33 Therefore, the crossing over of O2- towards negative electrode may be
expected to be more severe in Na-O2 cells. Previous studies have shown that the crossing
over of O2 from cathode can lead to ether-based electrolyte decomposition on the anode,
which leads to serious side reactions on the anode surface.34-37 Undoubtedly, accumulation
of contaminants on the Na surface results in suppressed Na+ transportation and thus
restricts the battery performance by imposing large charge/mass transfer overpotential
during discharge and charge reactions. However, to the best of our knowledge, the crossing
over of O2- radical is rarely studied and its effect on Na-O2 battery performance is yet
poorly understood.
In this paper, an electrically connected CP and Na metal is fabricated and used as the
protected Na anode in Na-O2 batteries (Figure. S5.1). Interestingly, the adoption of this
protected Na anode can dramatically improve the electrochemical performance and
increase the cycling life of Na-O2 batteries by shielding O2-/O2 crossover to suppress the
detrimental side reactions on the Na anode surface. Moreover, the resultant configuration
also shows promising results for solving the short-circuiting issue by decreasing the local
current density imposed to the anode. The presented results in this study indicate that the
negative Na electrode in Na-O2 cells greatly affects the overall performance of the battery
and thus should be attracting further research attention in the future studies.
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5.2 Experimental section
Materials and electrodes preparation. The CP (Freudenberg H2315, thickness of 210 µm,
porosity of ≈80%), purchased from Fuel Cell Store, was utilized as the cathode and
interlayer in the Na‐O2 batteries without further treatment. The surface area of the CP was
lower than 1 m2 g−1. DEGDME (reagent grade ≥ 98%, Aldrich) was dried over freshly
activated molecular sieves (4 Å, Aldrich) for at least one month before use. Sodium triflate
(NaSO3CF3, Aldrich) was dried under vacuum at 80 °C for 3 days.
Battery assembly and electrochemical measurements. The electrochemical performance
of Na‐O2 batteries was evaluated with Swagelok‐type cells. Briefly, the Na‐O2 cell using
Na foil as the anode, glass fiber (GF) as the separator, and CP as the air electrode. The CP
and Na metal foil were cut into circular pieces with a geometric surface area of 0.7125
cm−2. The electrolyte was 0.5 M NaSO3CF3 dissolved in DEGDME, and same amount of
electrolyte was applied for comparison in each cell (100 µL). Different from conventional
Na‐O2 batteries, the Na‐O2 cells with protected Na anode were assembled with CP
interlayer sandwiched between Na foil and GF separator, and the cell configuration is
shown in Figure S5.1. The electrolyte preparation and battery assembly were carried out
in an argon‐filled glove box with the oxygen and water contents below 0.1 ppm. The cells
were operated under static O2 with the pressure of 1.5 atm in a homemade testing box, and
each cell was stabilized for 20 min at room temperature before electrochemical tests. The
galvanostatic discharge/charge tests were carried out using Arbin BT‐2000 battery testing
system at room temperature. Electrochemical impedance spectroscopy measurements were
carried out with electrochemical station.
Material characterization. The morphologies and structures of discharge product were
characterized by Hitachi S‐4800 field emission scanning electron microscope (SEM), and
the morphological studies of the Na anode and separator were performed using a Hitachi
3400N environmental SEM. The Bruker D8 Advance X-ray diffraction (XRD) with Cu‐
Ka radiation was used for structural characterization, and the data were collected from 30°
to 70° in 2θ at a scanning rate of 1° min−1. The Raman spectra were collected on a HORIBA
Scientific LabRAM Raman spectrometer equipped with a 532.03 nm laser. In this study,
the disassembly of the Na‐O2 batteries was carried out in an Ar-filled glove box. The
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discharged/charged electrodes and separator were washed by fresh DEGDME to remove
residual NaSO3CF3 salt and then rigorously dried in the vacuum chamber before SEM,
XRD, and Raman measurements. Leak‐tight XRD and Raman sample holders were used
to prevent the exposure of air during sample testing. X-ray photoemission spectra (XPS)
was carried out by a Kratos Axis Ultra Al‐α spectrometer operated at 14 kV.

5.3 Results and discussion
5.3.1 Electrochemical behaviors of Na-O2 batteries with bare Na and
protected Na anode
In our previous studies, we have already shown that the electrochemical behaviors and
discharge products can be highly dependent on the configuration of the Na-O2 batteries and
the choice of the air electrodes.17, 38, 39 In this study, we have chosen a commercial CP
(H2315) as the air electrode, which has been widely used in different groups and the
corresponding discharge product has been reported to be sodium superoxide (NaO2).11, 19,
40

In order to examine the effect of anode on the Na-O2 cell performance, the

electrochemical behaviors of Na-O2 cells with and without protected Na were investigated
at different current densities (Figure 5.1).
It can be clearly observed that the initial discharge capacities of the Na-O2 cells increase
significantly after introducing a CP protected Na electrode (Figure 5.1). Initial discharge
capacities of 5.52, 5.08, 3.56, and 1.66 mAh cm-2 are achieved for Na-O2 cells with
protected Na at 0.1, 0.2, 0.5, and 1.0 mA cm-2, respectively. In comparison, only less than
50% of the initial discharge capacities are delivered for the cells with bare Na anode at the
same current densities (Figure S5.2a). Moreover, the Na-O2 cells with protected Na anode
exhibit lower discharge overpotentials than that of the cells with bare Na anode at all
current densities (Figure S5.2b). To rule out any other possible beneficial contribution
other than from the use of protected Na, all the other components of the cells including the
air electrode and the cell electrolyte are kept the same. Therefore, it is evident that the
significant increase of the initial discharge capacities can be solely related to the
employment of protected Na anode.
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Figure 5.1 The initial discharge profiles of Na-O2 cells with (a) bare Na anode and (b)
protected Na anode at different current densities. The initial discharge/charge profiles of
Na-O2 cells with (c) bare Na anode and (d) protected Na anode in the potential range of
1.5-4.5 V versus Na/Na+ at different current densities.
The discharge products of Na-O2 batteries with bare Na and protected Na anode were
characterized by XRD at the current density of 0.1 mA cm-2. As shown in Figure 5.2a and
b, the diffraction peak positions of two discharged cathodes are consistent with that of
NaO2, and no other side products can be observed. Meanwhile, the intensity of the NaO2
peak on cathode obtained from the cell with protected Na anode is much stronger than that
of the cell with bare Na (Figure S5.3), indicating a larger amount of NaO2 is produced in
the cell with protected Na. This result agrees well with the larger discharge capacities of
cell with protected Na than that of the cell with bare Na at the same current density of 0.1
mA cm-2. The formation of NaO2 on the discharged cathode was further confirmed by the
Raman signal at 1156 cm-1, consistent with the previous report by Hartmann et al. (Figure
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S5.4).11 Note that no Raman peaks of NaOH, Na2CO3 or other side products can be
observed from the discharged air electrode in the cell with protected Na. Those results
indicate that the application of CP on metallic Na anode does not change the nature of the
discharge product, and NaO2 is identified as the only discharge product in Na-O2 battery
with protected Na. In addition, the discharged air electrodes in the cells using bare Na and
protected Na anode were also investigated using SEM, as shown in Figure 5.2c-f. Cubic
shaped NaO2 almost completely fill the pores on the oxygen side of the air electrode for
the cell with protected Na. This contrasts with the cell assembled with bare Na where the
electrochemical reaction terminates before the pores on the oxygen side of cathode become
blocked or active electrode surface becomes completely covered.

Figure 5.2 The (a, b) XRD patterns and (c-f) SEM images of fully discharged air electrodes
in Na-O2 cells with bare Na and protected Na anode at 0.1 mA cm-2; (c, d) oxygen side and
(e, f) separator side of discharged air electrodes (scale bars = 20 µm).
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According to previous reports, the precipitation of insoluble discharge products within the
pores of the cathode may prevent the continuous O2 transportation into the interior of the
cathode.41, 42 Thus, it is not possible for the pores on the separator side of the air electrode
to be fully deposited when the oxygen diffusion channels on the oxygen side have already
been blocked. A similar phenomenon was observed on both sides of the air electrode in the
case of the Na-O2 cell with protected Na, indicating that the ending of discharge process
for this cell is most likely due to the blocking of further oxygen diffusion caused by NaO2
accumulation ( Figure 5.2d and f). However, it is very interesting to find that the discharge
process of the Na-O2 battery with bare Na terminates before the cathode is fully blocked
by discharge products (Figure 5.2c and e). Those results suggest an underlying protective
effect of the CP when electrically connected with Na metal during the discharge process,
and the puzzle of this protective effect will be discussed in Section 5.3.3 of this study.
Aside from the distinct initial discharge capacities, the charging behavior of Na-O2 cells
with bare Na and protected Na anode are also notably different, regardless of the formation
of the same discharge product in both cells. The voltage of the cell with bare Na suddenly
and repeatedly drops to almost 0 V after a charge capacity of ~ 0.35 mAh cm-2, even at a
low current density of 0.1 mA cm-2 (Figure 5.1c). This phenomenon is typical for the
internal short-circuiting of the battery due to the growth and penetration of Na dendrites,
which has also been observed in previous studies on Na-O2 batteries.43 The recovery of the
battery voltage is assumed to be the “melting and breaking down” of Na dendrite reaching
the air electrode, shortly resolving the short-circuit until another dendrite reaches the air
electrode. As a result, the discharge product of the Na-O2 cell with bare Na will not be
thoroughly decomposed (Figure S5.5a). Additionally, the short-circuiting of the cells is
more severe at higher current densities of 0.2 and 0.5 mA cm-2 as the first voltage drop
occurs at lower charge capacities, which is caused by the accelerated Na dendrite growth
at higher rates.43-45 In contrast, the short-circuiting issue was completely addressed in the
cells with protected Na, which showed a very smooth plateau at ~2.33V during the charge
process. This value is very close to the theoretical value (2.27 V) for the electrochemical
decomposition of NaO2 to form Na+, O2 and an electron. Good reversibility of the Na-O2
cells was further confirmed by XRD spectroscopy as the diffraction peaks of NaO2
completely disappeared without forming any additional peaks after recharging (Figure
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S5.5b). Moreover, it is necessary to emphasize that the Na-O2 cells with protected Na
displayed Coulombic efficiencies of more than 90%, even at a high current density of 1.0
mA cm-2. To the best of our knowledge, these results compete some of the best cell
performances using the same air electrode compared to other studies using similar current
densities.11, 19, 46, 47

5.3.2 The direct evidence on the suppressing effect of protected Na
anode on dendrite growth

Figure 5.3 The cross-sectional SEM images of CP with different amount of Na deposits.
(a) 0 mAh cm-2, (b) 1 mAh cm-2, (c) 3 mAh cm-2, and (d) ≈5 mAh cm-2 (scale bars = 50
µm), the distance between two dotted yellow line showing the thickness of deposited Na
during charging process; schematic diagrams of sodium deposition in cells with (e) bare
Na and (f) protected Na.
To observe direct evidence that the short circuiting of Na-O2 battery using bare Na anode
is induced by the Na dendrite growth, we have disassembled the recharged cells for optical
and SEM observations. As shown in Figure S5.6a-c, large numbers of dendritic spots can
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be observed on the bulk Na surface after the cell with bare Na anode short-circuited during
the charging process (~0.35 mAh cm-2). In addition, the layered-structure of a pristine
separator is no longer observed due to the growth of Na dendrites filling the porous
structure of glass fiber (GF), leading to a stacked structure without obvious interlayer
spacing (Figure S5.6d-f and Figure S5.7). These results are consistent with previous
studies on the effect of Na dendrite on Na-O2 batteries.23-25 In contrast, the separator in the
Na-O2 cell with protected Na anode maintained its clean surface and clear layered-structure
after the cell was fully recharged at 0.1 mA cm-2 (Figure S5.8a and b). Furthermore, CP
interlayer were examined by optical and SEM imaging, and the metal luster morphology
of the bulk Na side of the CP indicates that a large amount of Na deposit is confined inside
the matrix (Figure S5.8c-f).
To clarify the deposition behavior of Na in the cell with a CP protected Na, the
morphologies of the CP at different electrochemical states were investigated by SEM
(Figure 5.3a-d). Interestingly, when the Na-O2 cell with protected Na anode was fully
discharged, the surface of the CP facing the Na side seems cleaner than that facing the
separator side (Figure 5.3a). Further examining the surface of the CP revealed a greater
accumulation of deposits on the separator side of the CP, which is almost fully covered by
amorphous film-like products (Figure S5.9a and b). Raman characterization was
conducted to identify the chemical nature of the deposits on the CP surface, where Na2CO3
and NaOH were identified as the main phase of the side products (Figure S5.9c). It is
known that alkali metal is inherently unstable when in contact with organic electrolyte due
to the low redox potential, leading to the formation of solid electrolyte interphase (SEI)
layer on the alkali metal surface. CH3OLi, CH3Li and polymeric layers are the main
decomposition products of an ether-based electrolyte on Li surface in Li-ion batteries
(LIBs).48 While in Li-O2 batteries, different electrolyte decomposition reactions can be
observed compared with that in LIBs, and the formation of LiOH and carbonates on the Li
anode is predominantly due to the oxygen crossover effect.34,

49

Similar electrolyte

decomposition mechanism has also been reported in K-O2 batteries in the presence of O2
crossover.13 Since more side products were observed on the CP that facing the separator
side compared to the Na side in our case, which is identical to the migration direction of
O2 and O2- from the air electrode toward the Na electrode. Therefore, the Na2CO3 and
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NaOH on the CP interlayer could be formed through the reaction between O2- and
electrolyte/CP, as well as the decomposition of the electrolyte in the presence of O2
crossover.
In the subsequent charging process, Na was preferentially nucleated on the bulk Na side of
the CP rather than the other side when plating 1 mAh cm-2 of Na, as shown in the area
outlined with two dotted yellow lines (Figure 5.3b). This is perhaps caused by the initial
nucleation of Na on the bulk Na surface due to the lower nucleation barrier, compared with
that on the CP structure. On the other hand, the presence of nonconductive Na2CO3 and
NaOH on the separator side of the CP may also contribute to the preferential deposition of
Na on the other side. Further increasing the Na deposition capacity to 3mAh cm-2, the voids
on the Na side of the CP were gradually filled with deposited Na to a thickness of ~30μm
(Figure 5.3c). When the cell with protected Na was fully charged with ~5.0 mAh cm-2 of
Na deposit, about half of the inner space in the CP was filled by deposited Na, as shown in
Figure 5.3d. Note that more side products (NaOH, Na2CO3 et al.) can be observed on the
separator side of CP interlayer compared with that at discharge state, indicating the
occurrence of same side reactions on the CP interlayer during both discharge and charge
process (Figure S5.9d and e).
In the Na-O2 cell with protected Na, the presence of a CP on the Na metal facilitates dense
Na deposition without dendritic Na growth, and thus prevents the cell from short-circuiting.
This could be related to the decreased current density in the presence of a 3D conductive
network during the Na plating process. Combining the electrochemical properties of the
cells with different configurations, it can be concluded that the difference in charging
behavior between the cells with and without protected Na can be related to the presence of
conductive CP interlayer.
Recent studies have reported that NaPF6 is capable of forming a uniform and compact SEI
layer on the Na electrode in diglyme, while the SEI formed using other electrolyte salts,
including NaSO3CF3, NaN(SO2CF3)2 and NaClO4, is less uniform and compact in nature.50,
51

This causes more Na to be exposed to undesirable side reactions with electrolytes, and

at the same time, the rough surface of metallic Na would result in uneven charge
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distribution and subsequent Na dendrite growth during the charging process. The low shear
modulus of SEI layer formed on the Na surface is easier to be puncture with Na dendrites,
short-circuit will occur after the Na dendrites penetrate the separator. Schematic of Na
deposition on the anode of cells with bare Na and protected Na anode are shown in Figure
5.3e and f.

5.3.3 Understanding the superoxide radical crossover in Na-O2
batteries with protected Na anode
However, the mystery of why the Na-O2 battery with protected Na can also significantly
increase its discharge capacity and Coulombic efficiencies compared to that of the cells
with bare Na remains. In order to rule out the possible impact from merely the Na dendrite
growth, capacity-limited cycling of the Na-O2 cells with bare Na and protected Na were
further investigated. The cut-off capacity of the cells is 0.1 mAh cm-2, which is much lower
than the above-mentioned initial short-circuit capacities (ISCCs) of the batteries and thus
the effect of Na dendrite formation and growth can be minimized.

Figure 5.4 The selected charge/discharge curves of Na-O2 cells with (a) bare Na and (c)
protected Na anode. The cycling properties and Coulombic efficiency of Na-O2 cells with
(b) bare Na and (d) protected Na anode.
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Long-term cycling stability of the Na-O2 cells were investigated at 0.1 mA cm-2 with a
fixed discharge capacity of 0.1 mAh cm-2 (Figure 5.4). Interestingly, as shown in Figure
5.4a and b, a stable discharge plateau at ~2.0V only remains for 14 cycles in the case of
Na-O2 cell with bare Na. The cell then starts to fail to deliver the defined discharge capacity
and the cell shows an accelerated degradation afterward. At the 20th cycle, the cell
maintains only ~20% of its initial capacity. In sharp contrast, the cell with protected Na
can stably run for over 65 cycles with a high Coulombic efficiency of ~90%, which is much
higher than that (~70%) of the cell with a bare Na anode (Figure 5.4c and d). Although the
Na-O2 cell with protected Na exhibits an overpotential gap of 0.16V in the initial cycle that
increases gradually to 0.36V in 60th cycle, the decomposition potential of NaO2 has been
consistently much lower than that of the cell with bare Na anode. There is no doubt that
the lower charge transfer resistance of the cell with protected Na partially contributes to
the better electrochemical performance, compared with that of the cell with bare Na anode
(Figure S5.10). However, it should also be noted that the cell with bare Na exhibited a
much higher charge overpotential after the first cycle. The obvious increase of charge
overpotential can be related to the increased resistance of the Na electrode caused by an
accumulation of side products. While in the case of the cell with protected Na, a relatively
slower increase in the charge overpotential can be observed, which may attribute to the
alleviation of side reactions accumulation on the Na surface. Those results clearly indicate
that the CP at the anode side has played another protective role during the cycling process
of Na-O2 batteries.
To reveal the nature of this protective effect, two different Na-O2 cell configurations with
the same Na anode, electrolyte, and air electrode were constructed. For the first cell, two
layers of GF were used as the separator (Figure. 5.5a). We designed another cell by placing
the CP between two GF separators instead of onto the Na anode (Figure 5.5b). However,
the electrochemical performance of the cell with a CP sandwiched between the two GF
separators had no significant difference compared to the cell with only two GF separator,
exhibiting both the short-circuit effect at very close ISCCs and a relatively low discharge
capacity. These results indicate that the protective role of the CP is not simply originated
from itself but a synergy effect when it is combined with Na anode.
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Figure 5.5 (a, b) Schematic diagram of Na-O2 cells with different separators and
corresponding charge/discharge curve at a current density of 0.1 mA cm-2; (c, d) Raman
spectra of GF next to the Na anode after the cell fully discharged at 0.1 mA cm-2.
We anticipate the answer to this puzzle can be related to the nature of the inner reaction
mechanism of Na-O2 batteries. The discharge process of Na-O2 batteries that produces
superoxide mostly involves a solution-based route, where the first step is the formation of
a dissolvable O2- anion or HO2 via an electrochemical reduction of O2 gas, followed by a
precipitation step to form NaO2 as the final discharge product. To address the origin of the
limited Coulombic efficiency in Na-O2 cells, which is another limiting factor for the
cycling performance of the battery, we examined the cell separator after the full discharge
at 0.1 mA cm-2. As shown in Figure S5.11a and b, cubic NaO2 with a diameter of 10µm
can be observed on the cell separator, which is indisputable evidence for the solutionmediated mechanism of NaO2 formation.32 The O2- produced during the discharge process
dissolves into the electrolyte, and nucleation occurs once its concentration reaches the
supersaturation threshold. The precipitated NaO2 on the separator can be detected by XRD
(Figure S5.11c), which indicate a considerable amount of NaO2 precipitate on the
separator. Based on the presented evidence, it is reasonable to assume that a high
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concentration of O2- exists around the separator, and the O2- radicals likely migrates
towards the Na anode due to the dual effect of an ion concentration gradient and electric
field.
Na-O2 cells with different separators were further constructed in order to examine the
efficiency of the separator in blocking the migration of O2- from the cathode to anode
(Figure 5.5c and d). The thickness of the separator in both cells was increased compared
to the cell with only one layer of GF (Figure 5.2a). However, the O2- crossover cannot be
totally inhibited by increasing the thickness of separator, as the Raman signal of NaO2 can
still be detected on the second layer of GF (next to the Na electrode) after the cell fully
discharged at 0.1 mA cm-2. As the low compact nature of SEI layer formed on the Na
surface is insufficient to completely block the diffusion of O2-, and thus the chemical
reduction of O2- at the Na surface is highly probable. Consequently, the migrated O2- cannot
be recovered during the charge process which in turn result in capacity loss and limited
Coulombic efficiency in Na-O2 cells. This phenomenon is very similar to the well-known
“shuttle-effect” observed in Li-S and Na-S batteries, where the dissolved polysulfide also
migrate to the anode side.52,

53

On the other hand, the formation of the reduced Na-

containing products can be highly isolating to create polarization from the anode side,
which results in Na degradation during the discharge process.
Those results on the Na-O2 batteries with bare Na is in good agreement with previous
reports, in which the Coulombic efficiencies of Na-O2 batteries are much lower than
100%.46, 54-56 It has been shown that the limited charge efficiency is partially related to the
irreversible decomposition of the cell electrolyte, even in the relatively stable ether solvent.
By the introduction of the CP on the Na anode, no side product was detected in both XRD
pattern and Raman spectrum of the discharged cathode from the Na-O2 cell in our study
(Figure 5.2b and S5.4). Moreover, no obvious evidence of a charging plateau from
parasitic reactions was observed, even when the electrode recharged back to 4.5V. The
reappearance of the clean carbon fiber surface further confirms that no discharge product
left on the fully charged cathode (Figure S5.12), in agreement with the XRD results for
the charged electrode (Figure S5.5b). Therefore, it can be concluded based on all the
presented evidence that the observed limited Coulombic efficiency in this work can be
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related to the crossover of O2- from the cathode to anode. In the case of the Na-O2 cell with
bare Na, the side reactions induced by O2- crossover results in the formation of side
products. The built up of side products can impede the Na+ transportation, increase the
polarization of the Na-O2 battery and trigger the cut-off voltage of the cycling test.
Therefore, the gradual accumulation of side products on the Na anode is responsible for
the premature ending of the discharge process in Na-O2 batteries with bare Na anode,
leading to a relatively low discharge capacity and poor cycling performance.

Figure 5.6 Illustration of reaction mechanisms in different Na-O2 cell configurations. (a)
The cell with one GF separator, (b) the cell with CP sandwiched between two GFs, and
(c) the cell with CP on the Na anode.
Further comparison of the cells with different separator thicknesses indicates that the
discharge capacity of the cell slightly improves by increasing the thickness (Figure S5.13),
which can be ascribed to the suppression of the side reactions on Na surface caused by O2crossover. However, this does not mean a thicker separator yields better electrochemical
performance. As shown in Figure S5.13, the internal resistance of the cell also increases
with increasing separator thickness, leading to a gradual decrease in the cell energy
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efficiency. At the same time, the achievable charge capacity before voltage drop was
slightly increased for both cells compared to the cell with one GF layer, indicating that the
short-circuiting issue can only be delayed rather than completely solved by increasing the
separator thickness. By comparing the electrochemical performance of the cells with four
different configurations, it is easier to find that only the Na-O2 cell with CP electrically
connected with Na metal can effectively prevent the short-circuiting issue and exhibit
reversible discharge/charge processes at different current densities.
Determining why the CP at the anode side strongly stops the migration of O2- toward the
surface of Na anode will be crucial to the future design of battery configurations. We
attribute this phenomenon to the different sodium (electro)chemical potential of the CP
either self-standing or attached to a Na anode. To determine this difference, we assembled
the CP/Na and Na+CP/Na cells and their open circuit potentials are found to be around 1.2
V and 0.02 V, respectively. To give a clear picture on the protective effect of CP towards
Na anode, the composition of the film-like products on the CP was further characterized
by XPS and EDX techniques. The XPS spectra of C, O and S elements in both discharged
and charged states of CP interlayer are shown in Figure S5.14, and all XPS spectra were
calibrated by the standard position of the C-C bond at 284.8 eV. In the C1s spectrum, the
existence of C-O, C=O and COO- species on the CP may originate from the decomposition
of DEGDME solvent (Figure S5.14 and b). Figure S5.14c and d shows the featured peaks
of Na2CO3 and NaOH at 531.8 and 532.8 eV, respectively. Meanwhile, according to
previous report, the S 2p 3/2 peak at 168.6 eV is likely from the –SO2– fragment after the
decomposition of TFSI- anion.57 Therefore, the composition of products on the CP mainly
contains NaOH, Na2CO3, sulfur oxide species and carboxylic/carbonyl species (Figure
S5.14e and f). More interestingly, no composition difference can be observed at discharge
and charge states, which can be further confirmed by the results obtained from EDX line
scan on the CP. As shown in Figure S5.15, the Na and O elements follows the same
changing trend along the distance, which is different to that of the C element. Also, the
ratio of the O and C elements on the CP keeps the same (~3) at both discharge and charge
states. Taking into consideration that the Na2CO3, NaOH and other products have formed
on CP at the side facing air electrode (Figure S5.9c), the following electrochemical
reactions are proposed to occur:
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(+) 4Na+ + e− + 3O−
2 + 2C → Na 2 CO3

（1）

(+) Na+ + e− + O−
2 + electrolyte → NaOH + organic carbonates

（2）

(−) Na = Na+ + e−

(3)

The attaching of CP onto Na results in a much lower electrochemical potential to provide
high potential polarization as the driving force (enhanced kinetics) of the electrochemical
reaction based on the Butler-Volmer equation. As a result, these side reactions occur at the
CP and produce side products at the CP instead of on the Na surface due to diffusion
control, so that less decomposition products will be formed on the Na surface.
Except for the issue of O2 and O2- crossover discussed above, researchers have also verified
the generation of reactive species, singlet oxygen (1O2), during charging process in Li- and
Na-O2 batteries recently.58, 59 The 1O2 is formed during both discharge and charge process,
charging to higher voltage (>3.3V) yields significantly more 1O2 in the Na-O2 batteries.
More importantly, the authors pointed out that the parasitic chemistry in the Na-O2 cathode
in closely related to the formation of 1O2 since the extent of side reactions follows the
occurrence of 1O2. Thus, there is possibility that the 1O2 produced during charge process as
well as oxygen gas dissolved during both discharge and charge processes also may migrate
to the anode side and induce parasitic reactions on the Na surface. Moreover, compared
with O2, the highly reactive 1O2 may induce more serious side reactions.
In the Na-O2 cells with protected Na, the CP is sandwiched between the Na foil and
separator, and thus CP electrically connected with the Na metal to form a protected anode.
In fact, the protected Na is equal to a shorted cell, and Na+ can immediately intercalate into
the CP and persists in the sodiated state when liquid electrolyte was added. Janek and coworkers have reported that the sodiated carbon paper can react chemically with oxygen to
form sodium superoxide. 29 Thus, instead of migrates across the CP and trigger electrolyte
decomposition on the Na anode, the migrated O2 from the cathode side during charging
(and discharging) will probably react with sodiated carbon (CP) to form NaO2, and then
electrochemical reactions involving NaO2 occurs on the CP following the proposed
reaction routes in eq. (1)-(3). Therefore, the application of CP on the Na surface not only
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can alleviate the side reactions induced by O2- crossover, but also somewhat inhibit the
detrimental effect of O2 (and/or 1O2) crossover on the Na anode. As a result, the charge
overpotential is significantly reduced and the capacity of the Na-O2 batteries are boosted
due to the reduced accumulation of side product on the Na anode. Instead, the CP merely
placed between two GFs may only slightly block the diffusion of O2- by the following
chemical reactions:
4O2− + 3C = 2CO2−
3 + CO2

(4)

+
CO2−
3 + 2Na = Na 2 CO3

(5)

4NaO2 + 3C = 2Na2 CO3 + CO2

(6)

The sluggish rates of the chemical reactions and porous nature of CP make this chemical
blocking effect highly inefficient compared to the above electrochemical protection routes.
The overall mechanism is depicted in Figure 5.6.

5.3.4 Discussion on the dual critical roles of CP for Na-O2 batteries
A full explanation for the effectiveness of the CP of Na-O2 batteries can be elucidated in
Figure 5.7a. In the Na-O2 cells with protected Na anode, the function of the CP is beyond
that of a simple physical barrier to protect the Na electrode. In the presence of CP, the side
reactions involving the O2 (1O2) and O2- will preferentially occur on the CP surface by
kinetics, which is determined by the cell configuration and the pseudo-equal potential of
CP and metallic Na. Thus, the CP acts as a protective layer to alleviate Na degradation
during the discharge process and decrease the influence of the metallic Na electrode as a
determining factor for the cell discharge capacity. On the other hand, electrons are available
on the surface of the conductive CP during Na deposition compared with a non-conductive
GF separator. Thus, the CP also plays a role of a 3D current collector, which can decrease
the local concentration of current and suppress dendrite growth effectively. Therefore,
application of a protected Na with electrically connected Na and CP can thoroughly prevent
the short-circuiting issue, while the issue remains when replacing conductive CP with a
nonconductive GF.
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When the conductive CP is sandwiched between two GFs in the Na-O2 cell, most O2 and
O2- will still migrate across the CP and trigger electrolyte decomposition on the Na anode,
similar to the case of Na-O2 cells without a conductive CP on the Na anode (Figure 5.7b).
One possible explanation is that a high reduction potential is needed for electrolyte
decomposition in the presence of oxidative species (O2 and O2-). Therefore, the key to the
success of this approach is that the conductive CP should be coated directly on the Na
metal, making sure that the electrode potential on the CP and metallic Na is the same. This
finding is helpful for explaining the fact that the anode experiences more decomposition
reactions than the cathode, and the crossover of contaminants from the cathode to the anode
makes side reactions more aggravated in Na-O2 battery system than traditional Na-ion
batteries.

Figure 5.7 Schematic illustration of the discharge and charge process of Na-O2 batteries
with (a) bare Na and (b) protected Na anode.
The major focus of this study has been the effect of O2 and O2- crossover towards the
metallic Na in Na-O2 batteries and emphasize the important role that the Na anode plays in
cell performance. However, the effectiveness of CP in alleviating the side reactions
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induced by contaminant crossover on the Na anode is not yet totally sufficient. The CP is
a porous structure and it cannot fully block the diffusion of O2 and O2- from the cathode to
the Na surface. Therefore, the porous structure of CP still allows a small amount of O2 and
superoxide ions to migrate and reach the Na surface, which also lead to the side reactions.
Moreover, conductive CP acts as a sacrificial protective interlayer on the negative
electrode, and the conductive surface of the CP will be gradually covered by the side
products. Thus, the Na corrosion caused by contaminant crossover can only be alleviated,
but not fully eliminated during the long cycling process of cells with CP protected Na.
Therefore, effective strategies to restrict the O2 and O2- crossover towards anode will need
to be further developed in the future studies, which will hopefully result in significant
improvement in the cycling performance of Na-O2 batteries.

5.4 Conclusion
In this chapter, we report a novel design of Na-O2 battery using electrically connected CP
and Na metal as a protected Na anode. The CP demonstrates great effectiveness in
addressing the fatal issue of cell short-circuiting by altering the growth and penetration of
Na dendrite into dense Na deposition. We show additionally the evidence that the
electrolyte decomposition on the Na anode in the presence of O2 and O2- crossover can be
the dominating cause of limited discharge capacity and poor cycling properties of Na-O2
batteries. The electrochemical potential of the CP gains a pseudo-equal potential when in
contact with Na metal, and the side reactions induced by O2 and O2- crossover preferentially
occur on the CP instead of Na surface. The Na corrosion can be alleviated to some extent
compared with the cells with bare Na, and a satisfying cycling performance up to 65 cycles
with a low charge overpotential can be achieved, which is three times than that of a cell
without a CP interlayer. These results emphasize the important role of Na anode in
determining the overall cell performance, and the experience obtained from this work also
provides a new avenue for achieving safe and high-performance Na-O2 batteries and other
metal-air batteries.
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5.7 Supporting information

Figure S5.1 Schematic illustration of a novel Na-O2 battery with protected Na anode using
CP electrically connect with Na metal.

Figure S5.2 Comparison of the (a) initial discharge capacities and (b) initial discharge
curves of Na-O2 cells with bare Na and protected Na at different current densities,
respectively; The solids lines are the discharge curves of cells with protected Na, and
dashed lines represent the cells with bare Na.
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Figure S5.3 The comparative XRD patterns of fully discharged air electrodes obtained
from Na-O2 cells with bare Na and CP interlayer protected Na, respectively.

Figure S5.4 (a) The optical image of fully discharged cathode and (b) the Raman spectrum
of cubic-shaped discharge products.
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Figure S5.5 The XRD patterns of air electrodes in Na-O2 cells with (a) bare Na and (b)
protected Na at different electrochemical states. The current density of the Na-O2 cells is
0.1 mA cm-2.

Figure S5.6 Digital camera and SEM images of (a) separator and (b, c) bulk Na anode after
cell short circuit during the charge process. (d-f) The cross-sectional SEM images of
separator after cell short circuit during the charge process. The current density of the failed
Na-O2 cell is 0.1 mA cm-2, and charge capacity is about 0.35 mAh cm-2.
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(a)

(b)

Figure S5.7 The cross-sectional SEM images of a pristine separator. The pristine separator
exhibits a layered structure with obvious interlayer spacing.

Figure S5.8 (a) Digital camera image and (b) cross-sectional SEM image of a separator
after the cell with protected Na is fully charged at 0.1mA cm-2. Digital camera image and
top view SEM images of (c, d) bulk Na side and (e, f) separator side of the CP after the cell
is fully charged at 0.1mA cm-2.
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(b)

(a)

(c)

(d)

(e)

Figure S5.9 The SEM images of (a) separator/CP side and (b) CP/Na side of a CP after
full discharge at 0.1 mA cm-2. The Raman spectra of CP after the cell is (c) fully discharged
and (d) recharged at 0.1 mA cm-2. (e) The SEM image of separator/CP side of a CP after
fully charged at 0.1 mA cm-2.
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Figure S5.10 The EIS spectra of Na-O2 cells with (a) bare Na and (b) CP interlayer
protected Na at initial state.

(a)

(b)

(c)

Figure S5.11 The SEM images (a, b) and XRD pattern (c) of separator obtained from a
fully discharged Na-O2 cell with bare Na. The current density is 0.1 mA cm-2.
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Figure S5.12 The SEM image of a fully charged cathode in a Na-O2 cell with CP interlayer
protected Na. The current density is 0.1 mA cm-2.

Figure S5.13. The charge/discharge curves of Na-O2 batteries with three different cell
configurations at the current density of 0.1 mA cm-2.
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Figure S5.14. (a, b) C 1s, (c, d) O 1s, and (e, f) S 2p XPS spectra of the CP interlayer after
discharge and charge back.

Figure S5.15 The EDS line scan of the CP interlayer at (a) discharge and (b) charge states,
respectively.
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Chapter 6

6

O2/O2- crossover- and dendrite-free hybrid solid-state
Na-O2 batteries

Na metal anode plays an important role in determining the overall performance of Na-O2
batteries, in which Na metal degradation caused by O2/O2- crossover and uncontrollable
Na dendrite growth often result in the premature cell death. In the last chapter, carbon paper
(CP) protected Na anode was introduced to improve the electrochemical performance of
Na-O2 batteries. Although the Na dendrite growth can be completely suppressed, the Na
anode degradation induced by O2/O2- crossover can only be alleviated rather than fully
eliminated during the long-term cell cycling, which inevitably attenuate the cycle life of
Na-O2 batteries.
Addressing these issues comprehensively, in this chapter, we successfully developed a
hybrid solid-state (HSS) Na-O2 battery based on solid-state electrolyte (SSE) and a
protected Na anode. The dense structure of SSE effectively suppressed the O2/O2crossover, thus mitigating the Na degradation and improving the cell reversibility. Solid
electrolyte interphase (SEI) formation on the Na anode in relation to the O2/O2- crossover
was further revealed. Additionally, 3D protection layer on Na anode facilitated uniform Na
deposition within the conductive matrix. Consequently, the fabricated HSS Na-O2 battery
demonstrated stable cycling for over 160 cycles at 0.2 mA cm-2 under the shallow cycling
mode. The results evidently emphasized the critical role of Na anode protection, and the
importance of O2/O2- blockage for achieving safe and high-performance Na-O2 batteries.

*A version of this chapter has been published in Chemistry of Material, 2019, 31, 21,
9024-9031.
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6.1 Introduction
Owing to the appealingly high theoretical energy density, Li-O2 batteries have been
considered as a promising alternative to the state-of-the-art Li-ion batteries.1-7 However,
most Li-O2 batteries generate insulating Li2O2 as the main discharge product, which is a
plague on high charging overpotential and thus result in low round-trip energy efficiency.810

Comparatively, Na-O2 batteries are more favourable for large-scale implementations in

terms of high energy efficiency and reversibility.11-13 In addition, the low cost and
abundance of Na on earth promise a long-term future for Na-O2 batteries in a wide range
of application.14, 15
Nevertheless, several technical bottlenecks are still limiting the cycle life of Na-O2
batteries. Especially, O2 crossover from the air electrode to the Na anode is detrimental for
Na-O2 batteries.16-20 Parasitic reactions and continuous consumption of the metallic Na
anodes due to O2 crossover are one of the main causes of Na-O2 battery failure.21, 22 Another
source of detrimental side reactions on Na metal is induced by the O2- migration in
superoxide-based Na-O2 batteries because of the solution-mediated path for NaO2
formation.23-27 In fact, the O2- radical is an aggressive species, which is prone to attack
electrophilic sites. The effect of O2- radicals on promoting parasitic reactions on Na metal
anode is profound despite of the relatively low concentration.28, 29 The presence of O2- also
causes severe decompositions of electrolyte solvents, sodium salts, binders, and air
electrodes in superoxide-based Na-O2 batteries.30-37 However, studies towards
understanding the O2/O2- crossover effect on the nature of solid electrolyte interphase (SEI)
layer and overall Na-O2 cell performance is scarce.
Blocking O2/O2- crossover is of primary importance for enhancing the electrochemical
performance of Na-O2 batteries. In traditional liquid electrolyte (LE)-based Na-O2 cells
with porous separators, the dissolved O2/O2- can diffuse freely from the cathode to the
anode. A physical barrier is required to retard the migration of O2/O2-. Inspired by the
aqueous Na-air batteries, in which ceramic separators are widely used to prevent the
undesirable “cross-talk” of an aqueous electrolyte and organic electrolyte,38, 39 NASICONtype solid-state electrolyte (SSE) can be an ideal candidate to block the O2/O2- crossover
for Na-O2 batteries. However, the implementation of Na metal anodes in Na-O2 batteries
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encounters the Na dendrite formation problem.40,

41

The inhomogeneous current

distribution at the Na/NASICON SSE interface inevitably initiates rapid Na dendrite
growth along the grain boundaries.42 The penetration of Na dendrites through the SSE in
(hybrid) solid-state Na-O2 batteries leads to initial short circuit and safety concerns,
especially for aqueous Na-O2 batteries. While it is still a big challenge to enable both
reversible plating/stripping of dendrite-free Na anodes and O2/O2- blockage simply with
the NASICON SSE pellet, the combination of SSE together with a protected Na anode
could be a promising strategy to achieve high-efficiency and long-life Na-O2 batteries.

Figure 6.1 Schematic illustrating the effects of (a) O2/O2- crossover prevention by solidstate electrolyte and (b) dendrite-free Na deposition by anode protection for high
performance HSS Na-O2 batteries.
In this work, we successfully demonstrate a high-performance hybrid solid-state (HSS) NaO2 battery with effective O2/O2- crossover prevention and dendrite-free Na metal. Unlike
the Na-O2 batteries with LE and porous glass fiber (GF) separator, the dense structure of
NASICON SSE is Na+ conductive but impermeable to O2/O2-, effectively avoiding Na
metal corrosion and enhancing the reversible capacity. Furthermore, CP can be used not
only as the air electrode directly but also as the versatile dendrite-free protector for the Na
metal anode (Figure 6.1). The additional CP between SSE and Na metal anode facilitates
dendrite-free deposition of Na within the 3D framework. Owing to the combined
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advantages of SSE and CP modification, the developed HSS Na-O2 cell delivered high
discharge capacities with excellent Coulombic efficiency as well as stable cycling
performance.

6.2 Experimental section
Preparation of solid-state electrolyte. The solid-state electrolyte Na3.25Zr2Si2.25P0.75O12
was synthesized via a sol-gel method. Stoichiometric amounts of tetraethyl orthosilicate
(Si(OC2H5)4, TEOS) (Sigma-Aldrich, 98%) and Zirconium (Ⅳ) propoxide solution
(Zr(OC4H9)4) (Sigma-Aldrich, 99.99%) were sequentially dissolved in ethanol. Then,
acetic acid and de-ionized water were added into the mixture dropwise, and the mixture sol
was kept at 67℃ under vigorous stirring for 10 h. Then, the sodium nitrate (Sigma-Aldrich,
99.0%) and ammonium dihydrogen phosphate (Prolabo, 99.9%) were, respectively,
dissolved in water and the solution were consequently added into the hot mixture of silica
and zirconia. In the next step, the solution was slowly evaporated at 67℃ to produce the
precursor powder with stirring, which was then heated at 500℃ for 1h under O2 atmosphere
to burn out the organics. After this, the obtained powder was annealing at 1050℃ for 10h
and then uniaxially pressed into pellets, which were sintered at 1300°C for 12 h in air
atmosphere.
Battery assembly and electrochemical measurements. The electrochemical performance
of Na-O2 batteries was evaculated with Swagelok-type cells. The HSS Na-O2 batteries were
assembled with CP protected Na anode, Na3.25Zr2Si2.25P0.75O12 SSE, CP cathode and ether
electrolyte. The CP cathode and Na metal foil were cut into circular pieces with a geometric
surface area of 0.7125 cm-2. The electrolyte was 0.5 M sodium trifluoromethanesulfonate
(NaSO3CF3, Aldrich) dissolved in diethylene glycol dimethyl ether (DEGDME, reagent
grade ≥ 98%, Aldrich). Minor amount of LE (2 µl) was added on the Na anode to mitigate
the poor SSE/Na interfacial contact, and at the same time, facilitate the ion conduction
during the cell cycling process. While on the cathode side, 30 µl LE was added to facilitate
the formation of NaO2 through solution-mediated path. The cells were operated under static
O2 with the pressure of 1.0 atm in a homemade testing box, and each cell was stabilized
for 30 minutes at room temperature before electrochemical tests. The galvanostatic
discharge-charge tests were carried out using Arbin BT-2000 battery testing system at
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room temperature. The electrochemical analysis of Na symmetric cells was performed
using CR2032 coin-type cells. The electrolyte preparation and battery assembly were
carried out in an argon-filled glovebox with the oxygen and moisture levels below 0.1 ppm.
Noted that the DEGDME was dried over freshly activated molecular sieves (4 Å, Aldrich)
for at least one month. NaSO3CF3 was dried in a vacuum at 80℃ for 3 days before use.
Material characterization. The X-ray powder diffraction (XRD) patterns were performed
on the Bruker D8 X-ray diffractometer equipped with Cu-Kα (λ=1.5406Å) radiation. The
morphology of the discharged cathodes were characterized by Hitachi S-4800 field
emission scanning electron microscope (FE-SEM), and the morphological studies of the
CP interlayer were performed using a Hitachi 3400N environmental SEM. The Raman
spectra were collected on a HORIBA Scientific LabRAM Raman spectrometer equipped
with a 532.03 nm laser. In this study, the disassembly of the Na-O2 batteries was carried
out in an Ar-filled glovebox. X-ray photoemission spectra (XPS) was carried out by a
Kratos Axis Ultra Al‐α spectrometer operated at 14 kV. The ionic conductivity of the
Na3.25Zr2Si2.25P0.75O12 pellet was measured through EIS using Au film sputtered on both
sides of the pellet as blocking electrodes, and the EIS was performed over a frequency
range of 1 MHz to 100 mHz with a 50 mV perturbation amplitude. Noted that the
discharged cathodes were washed with fresh DEGDME to remove any residual NaSO3CF3
salt, and then rigorously dried in the vacuum chamber before SEM, XRD and Raman
measurements. The dried samples were sealed into a leak-tight homemade sample holders
to prevent the exposure of air during sample testing.

6.3 Results and discussion
Figure 6.2a schematically illustrates the configuration of the designed HSS Na-O2 battery.
Commercial CP was used as the cathode; NASICON-type Na3.25Zr2Si2.25P0.75O12 pellet
serves as the electrolyte and separator; and another layer of LE-infiltrated CP was placed
on the Na metal for a dendrite-free anode. Here, Na3.25Zr2Si2.25P0.75O12 was chosen in this
work because of its high ionic conductivity, wide electrochemical stability window, as well
as good stability against Na metal (Figure S6.1-S6.2). Na3.25Zr2Si2.25P0.75O12 powder was
synthesized by a modified sol-gel synthesis-combustion method and subsequently sintered
and polished into thin SSE pellets.43 The structure of Na3.25Zr2Si2.25P0.75O12 SSE is shown
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in Figure 6.2b. XRD pattern of the synthesized Na3.25Zr2Si2.25P0.75O12 confirmed its
desired phase (Figure S6.3).44

Figure 6.2 (a) Schematic illustration of a Swagelok-type Na-O2 cell with SSE and CP
protected Na anode. (b) The crystal structure of Na3.25Zr2Si2.25P0.75O12 SSE. The
discharge/charge curves of (c) conventional Na-O2 batteries using LE, (d) HSS cells using
SSE, (e) HSS cells using SSE and CP protected Na anode at current densities of 0.1 and
0.2 mA cm-2; insets are corresponding optical images of separator or SSE collected after
fully recharged at 0.2 mA cm-2; (f) Cycling performance of HSS Na-O2 batteries with or
without CP protection on Na anode at 0.2 mA cm-2 with a limited capacity of 0.2 mAh cm-
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; (g-i) charge/discharge voltage profiles at the 2nd, 30th and 90th cycles (profile colors are

as labeled in (f)).
As a proof of concept, the electrochemical performance of the proposed HSS Na-O2 cells
with SSE and CP protected Na anode was tested in a potential range of 1.5-4.5V.
Meanwhile, Na-O2 cells using conventional LE with GF separator as well as HSS Na-O2
cells using bare Na anode were assembled for comparison. As shown in Figure 6.2c, the
conventional LE cells with GF separator delivered low initial discharge capacities of 2.48
and 1.98 mAh cm-2 at 0.1 and 0.2mA cm-2, respectively. The worst thing was that the LE
Na-O2 cells failed to be recharged due to Na dendrites induced short-circuit.21,

45

Na

dendrite dead spots were clearly observed in optical image of the GF separator collected
after cell failure (insert in Figure 6.2c). Noticeably, replacing the GF separator with dense
SSE significantly increased the initial discharge capacities of the Na-O2 cells to 4.8 and 3.7
mAh cm-2 at 0.1 and 0.2 mA cm-2, respectively (Figure 6.2d). Upon recharging, the HSS
Na-O2 cell with bare Na anode can be charged at 0.1 mA cm-2 with an adequate Coulombic
efficiency of 93.8 %. However, the HSS Na-O2 cell with bare Na anode still encountered
short-circuit at a current density of 0.2 mA cm-2 because of the accelerated Na dendrite
growth during charging (insert in Figure 6.2d). The implementation of SSE enhanced the
electrochemical performance of Na-O2 cells to some extend but not yet to the practical
level. Efforts to further address the Na dendrite formation issue in HSS Na-O2 batteries are
required.
Taking the advantage of CP as a 3D electronic conductive matrix to accommodate Na
deposition, HSS Na-O2 cells utilizing SSE and CP protected Na anode demonstrated
significantly improved electrochemical performance. High initial discharge capacities of
5.15 and 4.21 mAh cm-2 were delivered at 0.1 and 0.2 mA cm-2, respectively, which were
more than twice of the LE cell (Figure 6.2e). Moreover, the introduction of SSE can
significantly decrease the reversible charge capacity loss and thus high Coulombic
efficiencies (CEs) of 97.6 and 93.5% can be achieved at 0.1 and 0.2 mA cm-2, respectively.
It should be noted that these CEs are higher than that of the LE cells with protected Na
anode in our previous report.24 The SSE obviously played important roles in enhancing the
discharge capacities and improving the reversibility of the Na-O2 cells. Moreover, after
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disassembling the fully recharged cell, the surface of the SSE remained unchanged without
observable dark dendrite spots (insert in Figure 6.2e). The LE infiltrated soft CP layer can
compensate the roughness of SSE/Na interface and facilitate even ion flux; and the 3D CP
matrix provided buffer for accommodating dendrite-free Na deposition (Figure S6.4).24
The effectiveness of Na anode protection in preventing the dendrites induced short circuit
was also demonstrated by the extended cycle life and stable voltage profiles of Na
symmetric cells (Figure S6.5-6.6). Noted that similar initial spike of potential during the
charge process can be clearly observed for three types of Na-O2 cells, despite of the distinct
discharge/charge behaviors (Figure 6.2c-e). The initial increase of charge overpotential
can be correlated to the formation of carbonate-based side products at the outshell shell of
the NaO2 cubes due to the instability of organic electrolyte, which acts as an initial barrier
for the reversible decomposition of NaO2.46, 47
To further validate the synergistic effect of SSE and protected Na anode, long term cycling
performance of LE and HSS Na-O2 cells were compared at 0.2 mA cm-2 with a cut-off
capacity of 0.2 mAh cm-2 (Figure 6.2f). Using one layer of CP (1CP) as cathode, the HSS
Na-O2 cell with protected Na anode maintained stable cycling for over 90 cycles with a
high CE, whereas the charge voltage of the HSS Na-O2 cell with bare Na encountered
sudden drops due to the dendrite penetration and failed to cycle beyond 35 times. The Na
dendrite growth problem was even more severe in LE cell, which soon experienced
dendrite caused short-circuit at the 19th cycle (Figure S6.7). The CP modification on Na
anode played an effective role in preventing the cell short circuit and extending the cycle
life of HSS Na-O2 cells. In addition, the conductive CP modification on Na anode
significantly reduced the discharge/charge overpotential of the Na-O2 cell (Figure 6.2g-h).
The discharge/charge voltage profile of the LE Na-O2 cell was subjected to continuously
enlarging polarization, presumably, due to Na degradation by O2/O2- crossover (Figure
S6.7).24 In contrast, the voltage profiles of the HSS Na-O2 batteries with CP protected Na
anode remained stable over the cycling duration (Figure 6.2f), indicating unchanged
internal cell resistance.
In addition to the dendrite-induced short-circuit and Na anode degradation, insufficient
cathode can be another limiting factor for the Na-O2 cycle life. To further clarify the origin
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failure for the HSS Na-O2 cell with the protected Na anode, another cell with extra cathode
loading [two layers of CP (2CP) instead of 1CP as the cathode] was tested. Interestingly,
we found that the cell with the 2CP cathode significantly extended the cycle life to over
160 cycles with stable performance (Figure 6.2f), compared with 90 cycles for the cell
with the 1CP cathode. Evidently, it was the cathode (CP) rather than the anode (protected
Na) that limited the cycle life of Na-O2 batteries. By investigating the morphological
changes of the CP cathode at different cycles, it can be clearly observed that the surface of
the air electrode was gradually covered by side products upon cycling (Figure S6.8). We
can conclude that the gradual shielding of active sites by accumulated side products can be
the intermediate cause of the increased discharge-charge overpotentials after 70 cycles and
the limited cycle life of the Na-O2 cell with the 1CP cathode (Figure 6.2f-i). Presumably,
the decomposition of the ether electrolyte against superoxide and the reaction between the
CP cathode and reactive discharge product(s) led to the formation of side products. Note
that the constructed HSS Na-O2 cells exhibit one of the best electrochemical performances
among all the superoxide-based Na-O2 batteries that use the same CP cathode (Table S6.1).
It can be expected that the cycle life of HSS Na-O2 cells with the protected Na anode can
further achieve even longer cycle life using an advanced air electrode.
The chemical composition and morphology of the discharge product at the cathode of the
HSS Na-O2 cell were characterized at the fully discharged state at 0.1 mA cm-2. As shown
in Figure S6.9, the discharge product of HSS Na-O2 cell was typical cubic-shaped NaO2,
based on SEM, XRD and Raman characterizations. The morphological evolution of the
discharge product (NaO2) in the HSS Na-O2 cells was further explored at different
discharge capacities, as shown in Figure S6.10. A few NaO2 cubes and many discreet
nuclei were observed on the carbon fiber surface at low discharge capacity of 0.2 mAh cm2

(Figure S6.10a and b). When the cell was discharged to 0.5 mAh cm-2, the discreet nuclei

evolved into cubic-shaped particles, and at the same time, new NaO2 nuclei precipitate on
the surface of carbon fiber. This process proceeded with increasing discharge capacity, and
thus increasing the size and the density of the NaO2 cubes (Figure S6.10c and d). At a
large discharge capacity of 3 mAh cm-2, the neighboring NaO2 cubes merged and gradually
covered up the carbon fiber surface (Figure S6.10e). The oxygen reduction reaction of the
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HSS Na-O2 cell terminates when the pores on the oxygen side of the air electrode was fully
blocked, which is known as the pore-clogging effect (Figure S6.10f).

Figure 6.3 (a) The schematic diagram of HSS Na-O2 cell with SSE and (b and c)
corresponding SEM images of the SSE surface (cathode side) after discharging for 50 h at
0.1 mA cm-2. (d) The schematic diagram of the HSS Na-O2 cell with SSE and additional
GF separator; corresponding SEM images of (e) GF and (f) SSE after discharging for 50h
at 0.1 mA cm-2.
The solution-based mechanism for the formation of NaO2 in Na-O2 batteries have been
widely accepted, and it has been reported that the Na metal in the cell environment directly
or indirectly contributed to the migration of O2- from the cathode to the anode.23 To
demonstrate the effect of SSE in blocking the crossover of O2-, the morphological
characterization of the SSE in different cell configurations was conducted (Figure 6.3).
The SSE pellet has a dense structure without obvious pores (Figure S6.11). After the HSS
Na-O2 cell was discharged for 50 h at 0.1 mA cm-2, numerous NaO2 cubes sized
approximately 1-5 μm were deposit on the SSE surface towards the air electrode (Figure
6.3b-c and Figure S6.12). The randomly distributed indentations were due to the
attachment of carbon fibers on the SSE (Figure 6.3b). Since electrochemical reactions
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require access to both Na+ ions and electrons, the electrochemical formation of NaO2 would
not occur on the insulating GF separator. With an additional piece of GF separator placed
between SSE and cathode (Figure 6.3d), we can distinguish the diffusion products from
the reaction products. Corresponding SEM images of the GF separator and the SSE
obtained at the fully discharged state are shown in Figure 6.3e, f and Figure S6.13.
Interestingly, crystalline NaO2 were observed on the surface of both the GF and the SSE.
These NaO2 on SSE were diffusion products from the CP cathode. The GF separator and
LE are obviously permeable to dissolved O2- intermediate, leading to O2- crossover.
Taking a closer look into the NaO2 products at different locations, their morphologies were
significantly different. The NaO2 cubes on the GF separator were as large as 20 μm, while
a few discrete NaO2 cubes with a much smaller size (~2 μm) was observed on SSE, which
also differed from the NaO2 cubes observed on the SSE without GF separation. This can
be explained by the concentration difference of the O2-−Na+ species in the organic
electrolyte as well as the rate of nucleation and diffusion of (O2-−Na+)n onto SSE versus
GF separator. When the CP cathode was in direct contact with the SSE in the HSS Na-O2
cell (Figure 6.3a), the concentration of the soluble O2-−Na+ could quickly build up on the
SSE surface as the dense structure of SSE terminated the passage of the O2- species, while
the interface with CP was still accessible to electrons. The high nucleation rate led to a high
concentration of NaO2 nuclei at the SSE/CP interface, where the NaO2 nuclei grew larger
in size upon increasing discharge capacities. In another cell configuration with an extra GF
layer, the O2- concentration at the cathode side of GF separator presciently reached
saturation and initiated nucleation of NaO2 on the GF. Subsequently, the soluble O2- anions
diffused across the GF layer under dual effects of ion concentration gradient and electric
field. Therefore, the NaO2 nucleation kinetics on the GF was low; at the same time,
continuous growth of NaO2 particulates occurred preferentially at the existing NaO2 nuclei.
The resulting NaO2 particles on the GF were thus scattered and large in size. On the other
hand, the precipitation of NaO2 on the GF separator still diluted the amount of NaO2
accumulation on the SSE. This explains the observation of less NaO2 cubes with smaller
size on the SSE compared with that of the HSS Na-O2 cell in Figure 6.3c. Noted that NaO2
cubes cannot be observed on the SSE surface towards the negative electrode due to the
shielding effect of SSE towards O2- crossover.
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Figure 6.4 XPS characterization of the Na anode SEI layer formed in the LE Na-O2 cell in
the presence of O2/O2- crossover.
In addition to the O2- crossover suppressing characteristic of the SSE, its chemical stability
against the highly reactive NaO2 is also very important for high performance HSS Na-O2
batteries. While the apparent accumulation of NaO2 on the SSE readily proofed their
stability with each other, XRD and Raman characterizations were also conducted before
and after the full recharge of the HSS Na-O2 cells at 0.1 mA cm-2 to confirm. The
Na3.25Zr2Si2.25P0.75O12 phase was well maintained after recharging, indicating the excellent
chemical stability of the SSE towards the highly oxidative NaO2 (Figure S6.14).
However, as a strong oxidant, O2- can easily react with Na anode, resulting in continuous
O2- crossover and serious Na degradation

23

. To systematically elucidating the O2/O2-

crossover-induced Na degradation mechanism, X-ray photoelectron spectroscopy (XPS)
analyses with depth profiling were conducted on Na metal anode. The LE Na-O2 cell with
porous separator was disassembled after discharging for 12 h at 0.1 mA cm-2 to examine
the SEI compositions on the Na anode surface. Figure 6.4 shows the XPS spectra of C 1s,
O 1s, S 2p and F 1s. At 0 min of sputtering, the peaks at 284.8, 286.7 and 288.8 eV in the
C 1s spectrum can be assigned to the presence of C-C/C-H, C-O and O-C=O, respectively,
as a result of DEGDME solvent decomposition.48 At the same time, the O 1s spectrum
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shows the characteristic peaks of Na2CO3 and NaOH at 531.3 and 532.8 eV, respectively.21
The F 1s feature at 688.7 eV (C-F) and the S 2p3/2 peak at 168.6 eV (SO42-) were likely
resulted from the decomposition of the NaSO3CF3 salt. Combining these information, we
can deduce that the top surface of the anode SEI film mainly composed of inorganic (NaOH,
Na2CO3, and Na2SO4) and organic (RCOONa, CFx et. al) components for the discharged
LE Na-O2 cell. After 1 min of sputtering, the O, F, and S peaks corresponding to inorganic
Na2O (530.9 eV), NaF (683.8 eV), and Na2SO3 (166.6 and 167.7 eV) emerged, and
remained distinct after 10 min of sputtering. Meanwhile, the O-C=O peak corresponding
to the organic reduction product ROCOONa became stronger after 10 min of sputtering,
suggesting a higher content in the depth . Overall, the SEI layer composed of both organic
and inorganic components across the depth from the top surface to the interior, with a
changing composition. Notably, Na2CO3 contributed to a large proportion across the depth
of SEI layer; the NaOH component also penetrated throughout the SEI layer but showed a
reducing amount towards the interior.

Figure 6.5 Schematic illustration of the SEI formation on the Na metal surface in the
presence of (a) O2/O2- crossover, (b) O2 crossover and (c) in the absence of O2/O2crossover.
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To distinguish between the effects of O2 versus O2- crossovers, another LE Na-O2 cell was
rested in an O2 atmosphere for 12 h without discharging. In this case, NaO2 was not
generated, so the SEI formation on the Na anode surface was mainly affected by O2
crossover in the absent of O2-. As shown in Figure S6.15, the evolution of RCOONa, Na2O,
NaF, NaOH, and sulfate compositions in the SEI were consistent with those in the SEI of
the discharged LE Na-O2 cell. The SEI also contained both the organic and inorganic
components. However, the relative concentration of NaOH and Na2CO3 on the top surface
of the SEI layers varied in two cases. In the presence of both O2 and O2- crossover, the
NaOH component rather than Na2CO3 dominated the superficial SEI; however, the Na2CO3
component was more pronounced in the case of only O2 crossover. Additionally, different
from the case of the discharged SEI in which the NaF and sulfite were not observable at 0
min of sputtering, characteristic XPS peaks for sulfite and NaF species were clearly
observed on the top SEI surface when formed at rest with O2, indicating a relative thinner
top SEI surface.
In fact, the anode SEI layer of the HSS Na-O2 cell was distinct from the LE cell when the
O2/O2- crossover was inhibited (Figure S6.16). At 0 minute of sputtering, the peak
corresponding to NaF was observed as well as the peaks for sulfite species. After sputtering
for 1 and 10 min, the peaks for NaOH and Na2CO3 essentially faded, while the Na2O and
NaF peaks became the dominating feature in the interior SEI. The interior SEI composition
was particularly favorable as protective inorganic SEI layer for Na anode. In addition, the
weaker peak intensities of the S 2p and F 1s spectra may indicate less decomposition of
NaSO3CF3 in the HSS Na-O2 cell compared with that in LE Na-O2 cell.
By comparison, with or without O2 and/or O2- crossovers made a significant difference in
the Na anode SEI formation in Na-O2 battery system (Figure 6.5). Like Li- and K-O2
batteries, the crossover of O2 in the Na-O2 batteries also contributes to the decomposition
of electrolyte and the subsequent formation of NaOH and Na2CO3 on the Na anode.
Compared to O2, the highly reactive O2- can induce intensified side reactions, causing of
not only corrosion of the Na metal anode but also severe decomposition of the electrolyte.
As an evidence, the SO42- species on the top surface of the SEI layer may be resulted from
the further oxidation of SO32- by the migrated O2/O2-, while some SO32- still remained in
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the interior SEI. Moreover, the presence of organic products throughout the anode SEI
layer in the LE Na-O2 cell can lead to a loose SEI structure (Figure 6.5a and b), which is
permeable to O2/O2- and electrolyte. Hence, electrolyte decomposition and SEI layer
growth could occur continuously. The consequently increase of cell internal resistance can
deteriorate the cell performance. We postulate that the restricted performance and the
premature cell death of LE Na-O2 cells arise from the crossover of O2/O2-. However, by
implementing the SSE, the O2/O2- crossover can be inhibited along with the formation of
an inorganic NaF protective layer (Figure 6.5c and S6.15). This could be a reason for the
stable charge/discharge overpotential of HSS Na-O2 cell when cathode was sufficient
(Figure 6.2f). Therefore, controlling the O2/O2- crossover to the Na anode surface by a
highly stable SSE can be an effective strategy for achieving good performance of
superoxide-based Na-O2 batteries.

6.4 Conclusion
In summary, we successfully constructed a HSS Na-O2 battery free of Na dendrites and
oxygen species crossover by coupling a NASICON SSE and a protected Na anode. The
SSE functions as a shield to the O2/O2- migrations and eliminates detrimental side reactions
on the Na anode surface. The carbon paper modified Na anode complementarily addressed
the Na dendrite growth issues. Moreover, the SEI formation on Na anode in relation to
O2/O2- crossover is systematically analyzed by XPS with depth profile, revealing a
favorable NaF-rich inorganic SEI enabled by the SSE shielding of O2/O2-. Although more
future work will be needed to make Na-O2 battery system commercially viable, the results
presented here provide valuable guidance for fabricating advanced Na-O2 batteries with
longer lifespans and better cycling performance.
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6.7 Supporting information

Figure

S6.1

Electrochemical

impedance

spectrum

of

the

NASICON-type

Na3.25Zr2Si2.25P0.75O12 solid-state electrolyte. The ionic conductivity of solid-state
electrolyte was calculated as 1.5×10-3 S cm-1 at room temperature.

Figure S6.2 The XRD patterns of Na3.25Zr2Si2.25P0.75O12 powder (a) before and (b) after
contacting with Na foil for 3 months.
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Figure S6.3 The XRD pattern of the Na3.25Zr2Si2.25P0.75O12 solid-state electrolyte pellet.

Figure S6.4 SEM image of the CP interlayer obtained from the HSS Na-O2 cell after
plating at 0.2 mA cm-2.
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Figure S6.5 The cycling stability of the Na/NASICON/Na symmetric cell with trace
amount of liquid electrolyte on the Na/SSE interface (0.2 mA cm−2, 0.2 mAh cm-2). Insets
are the optical images of the two sides of the SSE after cycling.

Figure S6.6 The cycling stability of the Na/NASICON/Na symmetric cell with protected
Na anode (0.2 mA cm−2, 0.2 mAh cm-2).
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Figure S6.7 The cycling performance of the LE Na-O2 cell at 0.2 mA cm-2 with a limited
capacity of 0.2 mAh cm-2.

Figure S6.8 The SEM images of the CP cathodes at different magnifications after (a, b)
1st, (c, d) 20th and (e, f) 60th cycles at 0.2 mA cm-2 with a cutoff capacity of 0.2 mAh cm-2
(the scale bars in a-f represent 10 µm).
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Figure S6.9 (a) The XRD pattern and (b) Raman spectrum of the discharged CP cathode
obtained from a fully discharged HSS Na-O2 cells at 0.1 mA cm-2 (insert in (a) is the SEM
image of the discharged CP cathode).

Figure S6.10 The SEM morphological evolutions of the discharge product (NaO2) in the
HSS Na-O2 cells at 0.1 mA cm-2 with a discharge capacities of (a, b) 0.2 mAh cm-2, (c) 0.5
mAh cm-2, (d) 1.5 mAh cm-2, (e) 3 mAh cm-2, and (f) 5.2 mAh cm-2 (full discharge).
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Figure S6.11 The SEM image of the pristine SSE surface.

Figure S6.12 The SEM images of SSE surface (cathode side) obtained from discharged
HSS Na-O2 battery.
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Figure 6.13 The SEM image of SSE surface obtained from discharged HSS Na-O2 battery
that using both SSE and GF.

Figure S6.14 The (a) XRD patterns and (b) Raman spectra of solid electrolyte before and
after the HSS Na-O2 cell fully recharge at 0.1 mA cm-2.
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Figure S6.15 XPS characterization of the Na anode SEI layer formed in the LE Na-O2 cell
in the presence of O2 crossover.

Figure S6.16 XPS characterization of the Na anode SEI layer formed in the HSS Na-O2
cell in the absence of O2/O2- crossover.
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Table S6.1 Performance comparisons of HSS Na-O2 batteries with recent works during
the first cycle.

Cathode
material

Current
density
(mA cm-2)

Discharge/charge capacity
(mAh cm-2)

0.1

5.15/5.02

0.2
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Phys. Chem.
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Adv. Funct.

2018, 28,

Mater.

1801904
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Chapter 7

7

Probing the blind point of the protected anodes in Na-O2
batteries: Their failure mechanism against superoxide
crossover and resolving strategy

Na-O2 cell failure due to uncontrollable Na dendrite growth and Na corrosion has been
systematically studied in the last two chapters. Although it is nature to expect the Na
protection methodologies that are already found to be profound in Na-metal batteries
(NMBs) should also bring significant improvement on the cycling performance of Na-O2
batteries, there is yet few studies detailing the behavior of sodium protection (layer) in
superoxide-based Na-O2 batteries. Considering the distinct cell configuration, working
principle and operating environment of two battery systems, the feasibility of artificial
protected Na anode in Na-O2 batteries needs further investigation.
In this chapter, we first report that the chemical instability of Na anode protective layer
against superoxide can be fatal for the Na-O2 cell performance. Using the molecular layer
deposited alucone coated Na anode (Na@alucone) as a typical example, we found that
alucone layer is vulnerable to the superoxide attack and thus incapable of facilitating stable
cycling of Na-O2 cells, which is in sharp contrast to its stable performance in NMBs. By
eliminating the superoxide crossover effect towards Na@alucone anode with a solid-state
electrolyte, the alucone film retrieves its dendrite suppressing effect on Na anode.
Consequently, a long life of over 325 cycles can be achieved for Na-O2 batteries at 0.2 mA
cm-2 under shallow cycling mode. These results indicate that the further studies on Na-O2
batteries should take serious consideration on the chemical stability of protected Na anode
against superoxide radicals, and the lessons learn from this work can provide important
guidance for other battery systems with soluble intermediates formation during operation.

*A version of this chapter is to be submitted.
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7.1 Introduction
Growing environmental concerns and continuously surging demand for energy have
stimulated extensive interests in exploring advanced energy storage systems. In the past
few decades, the success of Li-ion batteries (LIBs) in portable electronics have greatly
innovated our modern lifestyle. However, this battery system is still limited by its low
energy density, and the development of next-generation electric vehicles obliges scientific
and technological breakthroughs beyond LIBs. Na-O2 batteries are appealing for their
ultrahigh theoretical energy density, which is 6-9 folds higher than that of conventional
LIBs.1-3 Additionally, the high round-trip energy efficiency, as well as the nature
abundance and low-cost of sodium resources make Na-O2 batteries promising for largescale application.4, 5 However, the daunting challenges, such as low capacity and poor cycle
life relevant to the metallic Na anode, should be well addressed before the realization of
practical Na-O2 batteries.6-10
Na dendrite growth is one of the major reasons for the premature failure of Na-O2
batteries.11-13 The growth of Na dendrite during repetitive cycling can penetrate through
the separator, causing the cell short circuit and even safety concerns.14-16 In order to address
the dendrite formation problem, some Na metal protection strategies can be transferable
from the NMBs.15-20 One effective approach to suppress the dendrite formation is
increasing the effective electrode surface area to dissipate the current density.21-23 This can
be realized by introducing 3D conductive interlayer on Na metal anode. As reported in our
previous work, the presence of carbon paper (CP) interlayer can facilitate dendrite-free Na
deposition within its conductive matrix, and the reversibility and cycle life of Na-O2
batteries can be significantly improved.21 Surface engineering is another typical approach
to stabilize the artificial solid electrolyte interphase (SEI) layer and suppress Na dendrite
growth.24, 25 For example, Zhou and coworkers built an inorganic NaF-rich protective layer
on Na anode by adding a sacrificial electrolyte additive, which can strength the interface
to effectively inhibit the dendrite propagation in Na-O2 batteries.26
However, the chemistry in Na-O2 batteries is quite different from that in conventional
NMBs. Uniquely, the solution-mediated path for the formation of NaO2 result in the
presence of superoxide radical in the electrolyte during Na-O2 cell operation. As the
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superoxide crossover has been reported to play an important role in the electrochemical
behavior of Na metal anode,21, 27, 28 the effectiveness of the reported Na protection layers
should also be reinvestigated in the Na-O2 battery system. To the best knowledge, the effect
of superoxide crossover in Na-O2 batteries on the Na anode protection layer remain
unclear.
Here, we for the first time investigate the cycling stability of organic film protected Na
anode in Na-O2 batteries. For example, the molecular layer deposited alucone film has been
demonstrated with successful Na metal anode enhancement in NMBs, but we found that
the organic layer is actually vulnerable to the superoxide attack and consequently fails to
suppress Na dendrites. With solid-state electrolyte (SSE) as a physical shield to eliminate
the corrosion of superoxide towards the alucone layer, the dendrite suppressing effect of
Na@alucone anode can be retrieved. As a result, the Na-O2 cell show stable cycling
performance for 325 cycles at 0.2 mA cm-2 under shallow cycling mode, which is much
better than the cells solely with Na@alucone anode or SSE due to their synergistic positive
effects. Future studies should also take serious consideration on the stability of Na
protection layer against superoxide radicals, and Na protection strategy we developed holds
great promise for realizing practical Na-O2 batteries.

7.2 Experimental section
Preparation of alucone and polyurea protected Na anodes. Fresh Na foils with the
diameter of 3/8 inch were prepared in the argon-filled glovebox using a homemade press
machine. Molecular layer deposited (MLD) alucone and polyurea coating on Na metal
anode was carried out with Gemstar-8 MLD system, which directly connected with Arfilled glove box. The alucone thin film was deposit on as-prepared Na metal with two half
reactions between trimethylaluminum (TMA) and ethylene glycol (EG) at 90℃. Firstly,
Na anode is exposed to TMA, and CH4 is released as the byproducts. In the next step, the
resulting surface react with pulsed EG precursor, and again release CH4 as a product. The
MLD alucone process use 0.01s/40s/0.01s/70s TMA pulse/purge/EG pulse/purge
sequence. The MLD polyurea was performed on fresh Na foil by alternatively introducing
ethylenediamine (ED) and phenylene diisocyanate (PDIC) as the precursors at 90℃. A
complete MLD polyurea cycle was described as ED pulse/purge/PDIC pulse/purge for
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period of 0.1s/30s/1s/50s. In this thesis, 50 MLD alucone and 50 MLD polyurea cycle
coatings were carried out on Na foils, which denoted as Na@alucone and Na@polyurea,
respectively.
Battery assembly and electrochemical measurements. The electrochemical performance
of Na-O2 batteries was evaluated with Swagelok-type cells. The cells were assembled in
an argon-filled glove box, which has been described in details in our previous work.29 The
liquid electrolyte (LE)-based Na-O2 batteries were fabricated with Na or Na@Alucone
anode, glass fiber separator, CP cathode and ether-based electrolyte. The CP and Na metal
foil were cut into disks with an area of 0.7125 cm-2. The electrolyte was 1 M sodium
trifluoromethanesulfonate (NaSO3CF3, Aldrich) dissolved in diethylene glycol dimethyl
ether (DEGDME, reagent grade ≥ 98%, Aldrich). The SSE-based Na-O2 batteries were
assembled via the same procedures, where the SSE was sandwiched between the
Na@alucone anode and the CP cathode. The cells were operated under static O2 with a
pressure of 1.0 atm in a homemade testing box. Each cell was stabilized for 1h at room
temperature before electrochemical tests. The galvanostatic discharge-charge tests were
carried out using Arbin BT-2000 battery testing system at room temperature. The
electrolyte preparation and battery assembly were carried out in an Ar-filled glovebox with
the oxygen and moisture levels below 0.1 ppm. DEGDME was dried using freshly
activated molecular sieves (4 Å, Aldrich) for at least one month, and NaSO3CF3 was dried
in a vacuum at 80℃ for one week before use.
Material characterization. The X-ray powder diffraction (XRD) patterns were collected
using the Bruker D8 X-ray diffractometer equipped with Cu-Kα (λ =1.5406Å) radiation.
The morphology of the cathodes after discharge were characterized by Hitachi S-4800 field
emission scanning electron microscope (FE-SEM) at an acceleration voltage of 5 kV. The
morphological studies of the GF were performed using a Hitachi 3400N environmental
SEM. The Raman spectra were collected on a HORIBA Scientific LabRAM Raman
spectrometer equipped with a 532.03 nm laser. In this study, the disassembly of the Na-O2
batteries was carried out in an ultra-pure Ar-filled glovebox. The discharged cathodes were
washed with DEGDME to remove any residual NaSO3CF3 salt and dried thoroughly in a
vacuum chamber before SEM, XRD and Raman measurements. The specimens were
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sealed in a leak-tight homemade sample holder to prevent exposure to air during analyses
of XRD and Raman.

7.3 Results and discussion
The alucone thin film was deposit on fresh Na metal via molecular layer deposition (MLD).
Typical MLD alucone process is shown in Figure S7.1 with alternative pulses of
trimethylaluminum (TMA) and ethylene glycol (EG) at 90℃, following our previous work
with 50 MLD cycles.30 The successful coating of alucone layer on Na foil was confirmed
by time-of-flight secondary ion mass spectrometry (ToF-SIMS). As shown in Figure S7.2a
and b, characteristic secondary ions from alucone film, such as Al-, C2Al-, and C2OAl-,
were detected with strong signals at the top surface of the sample. The depth-profiles was
established by etching a selected area (400×300 µm) on the Na@alucone electrode, which
was subject to continuous Cs+ sputtering (Figure S7.2c). After sputtering for 200 s, the
signal from alucone showed a large decrease. The 3D images constructed from SIMS
intensity and the etching depth show uniform spacial distribution of the alucone fium on
Na metal surface (Figure S7.2d). The thickness of the alucone layer can be estimated to
be 20 nm based on the growth rate of alucone on Na metal, which is consistent with the
estimation based on sputtering rate (~0.1 nm s-1).30
The cycling stability of Na@alucone anode was evaculated in Na-O2 batteries in the
presence of superoxide crossover. Figure 7.1a shows the discharge-charge profiles of
conventional Na-O2 cells with bare Na anode, and the charging process is interrupted by
the dendrite short-circuiting. This result is consistent with the previous reports.6, 21, 28 Even
under the shallow cycling mode by limiting the discharge capacity to 0.2 mAh cm-2 at 0.2
mA cm-2, the dendrite penetration induced potential drop also can be observed from 9th
cycle (Figure 7.1b). As for the cell with Na@alucone anode, stable discharge plateau at
~2.0V with the formation of micrometer-sized NaO2 cubes as the only discharge product
indicated normal electrochemistry of Na-O2 batteries using Na@alucone anode (Figure
S7.3). However, unlike the success in NMBs,30 the Na@alucone anode exhibit no obvious
improvement over the bare Na anode in terms of electrochemical performance. Slight
increase of discharge capacities was observed, while dendrite-induced short circuit was just
delayed rather than completely inhibited after introducing alucone protective layer on Na
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metal (Figure 7.1c). As shown in Figure 7.1d, stable discharge/charge cycling was
maintained for only 14 cycles.

Figure 7.1 The discharge/charge profiles and cycling performance of Na-O2 batteries with
different cell configurations: (a, b) Na-O2 cells with GF separator and bare Na anode, (c,
d) Na-O2 cells with GF separator and Na@alucone anode, and (e, f) HSS Na-O2 cells with
SSE and Na@alucone anode. (g, h) Enlarged discharge/charge profiles of the HSS Na-O2
cell at selected cycles.
The Na@alucone anode facilitate long-term cycling of NMBs, while Na-O2 cells with
Na@alucone still suffered from Na dendrites induced short circuit. The distinct
striping/plating behaviors of Na@alucone anode in NMBs and Na-O2 cells can be possibly
related to the different working chemistries of the two battery systems. To verify the effects
of migrated superoxide to alucone protective layer efficiency in suppressing the dendrite
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growth, hybrid solid state (HSS) Na-O2 cell was constructed. By replacing the porous glass
fiber (GF) separator with dense NASICON-type SSE, the superoxide crossover from the
cathode to the anode was eliminated. Interestingly, the HSS Na-O2 batteries delivered high
discharge capacities of 5.33 and 4.51 mAh cm-2 at the current densities of 0.1 and 0.2 mA
cm-2, respectively (Figure 7.1e). The discharge capacities were much higher than that of
the cells using GF separator and Na@alucone anode in Figure 7.1c. Since the air electrode
of two cell configurations were the same, the lower discharge capacity of Na-O2 batteries
with GF was attributed to the corrosion of Na@alucone anode by superoxide crossover.
Interestingly, in addition to the significant increase in discharge capacities, the HSS Na-O2
cells with Na@alucone anode can be fully recharged without dendrite-induced short
circuit, and the corresponding Coulombic efficiencies are as high as 95.1 and 90.14% at
0.1 and 0.2 mA cm-2, respectively. Additionally, significant improved cycling stability of
HSS Na-O2 cells can be achieved with a long cycle life of over 95 cycles, as shown in
Figure 7.1f-h. It is believed that the SSEs are more effective in inhibiting dendrite
penetration compared with porous GF separator. However, long-term plating/stripping of
dendrite-free Na anode with the pure SSE pellet is still a challenge since the Na dendrite
tends to grow through grain boundaries and interconnected pores in the SSE.31 As shown
in Figure S7.4, HSS Na-O2 cells based on SSE and bare Na anode still suffered from the
short-circuiting issue and failed to cycle beyond 40 cycles under the same experimental
conditions. The optical images of the cycled SSE clearly display “dark spots” on the
surface, which can be reasonably assigned as Na dendrite and were found to penetrate
across the SSE pellet after cell failure (Figure S7.5). Therefore, the employment of SSE
partially contributed to the long-term cycling of HSS Na-O2 batteries in Figure 7.1f, and
the integration of SSE with Na@alucone anode was crucial to simultaneously address short
circuit and superoxide-related anode degradation. It is worth noting that the slightly higher
discharge/charge overpotential in the initial cycles may attributed to the sodiation of
alucone layer with the formation of new solid electrolyte interphase (SEI) layer. Benefiting
from the formation of this new protective layer, flat voltage profiles during both discharge
and charge can be well retained during the subsequent cycles without obvious increase in
discharge/charge overpotentials.
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Figure 7.2 (a, b) Top-view and (c) cross-sectional view SEM images of the Na@alucone
anode obtained from cycled Na-O2 cell with GF separator; the distance between two dotted
yellow lines in (c) shows the thickness of porous Na. (d, e) Top-view and (f) cross-sectional
view SEM images of the Na@alucone anode obtained from cycled Na-O2 cell with SSE.
Collecting the Na@alucone anodes from the Na-O2 batteries with GF and SSE after
cycling, their different morphologies gave hints to their distinct electrochemical behaviors.
Both Na-O2 cells were cycled at 0.2 mA cm-2 with a cutoff capacity of 0.2 mAh cm-2. From
the SEM images shown in Figure S7.6, the uncycled Na@alucone anode exhibited clean
and relatively smooth surface. After cycling in the Na-O2 cell with GF separator, the
Na@alucone show a cracked surface with inhomogeneous Na deposition on the bulk Na
electrode(Figure S7.7). At the same time, Na dendrites of approximately 10-20 µm can be
clearly observed on the cycled Na@alucone electrode (Figure 7.2a, b). The corresponding
cross-sectional view clearly show that the top surface of original bulk Na has transformed
to the high-surface-area porous structure (Figure 7.2c). The formation of porous layer
indicate the destruction of protective alucone film on Na metal anode. This porous layer
was permeable to superoxide that continuously corroded the Na anode, leading to low
Coulombic efficiency. Continuous electrolyte decomposition and active Na consumption
were unavoided. The optical and SEM images of GF separator are shown in Figure S7.8,
the presence of dendritic spots on the GF surface on the side facing the CP cathode further
verified the dendrite penetration issue. In sharp contrast, as shown in Figure 7.2d, e and
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Figure S7.9, a relatively smooth surface without dendritic Na or unfavorable porous layer
can be observed on the cycled Na@alucone electrode after introducing SSE. The
unchanged SSE surface had no sign of Na dendrites growth (Figure S7.10). Meanwhile,
the cross-sectional view of the Na@alucone displayed a negligible gap between plated Na
and bulk Na (Figure 7.2f). The results indicated that with the shielding effect of SSE
against superoxide crossover restore the dendrite suppressing function of alucone on Na
metal anode.

Figure 7.3 (a, b) TOF-SIMS depth profiles and chemical ion images of the Al-, C2Al-, and
C2OAl- species for the cycled Na@alucone anode obtained from Na-O2 cell with GF. (c)
The corresponding 3D view images of the variation of SIMS intensity with the etching
depth. (d, e) TOF-SIMS depth profiles and chemical ion images of the Al-, C2Al-, and
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C2OAl- species for the cycled Na@alucone anode obtained from Na-O2 cell with SSE. (f)
The corresponding 3D view images of the variation of SIMS intensity with the etching
depth.
ToF-SIMS analyses were conducted on the cycled Na@alucone anodes with or without
exposure to superoxide crossover to further understand the interfacial change of the
Na@alucone anodes. It should be noted that electrolyte decomposition cannot be avoided
on the anode surface with formation of various organic and inorganic species including
Na2CO3, NaF, NaOH, RONa, ROONa, et al..32 To have a clear picture on the changes of
alucone film, only the variation of Al-containing secondary ions that exclusively generated
from the alucone film were analyzed. Figure 7.3a illustrate the ToF-SIMS chemical
mappings of secondary ions of interest on Na@alucone electrode after cycling in the
presence of superoxide crossover. Surprisingly, although the secondary ion fragments from
alucone still can be detected on the surface of Na@alucone anode, the intensity of those
species significantly decreased after cycling. For example, compared with the pristine
sample in Figure S7.2, the signals of C2Al- decreased dramatically from 200 to 40 counts,
while the signals of Al- and C2OAl- become negligible. From the Figure 7.3b and c, the
alucone protective layer was not visible on the electrode surface, which suggested the
breakdown of the alucone film during cycling. However, the sputtering depth should not
be mistaken as the thickness of the SEI layer. Considering serious electrolyte
decomposition on the electrode surface due to malfunction of the alucone layer in
protecting Na anode when exposed to superoxide crossover, stable SEI layer cannot be
formed. Continuous electrolyte decomposition occurs during cell operation, resulting in
the increase in internal cell resistance and cell performance decay.
In contrast, after cycling in the absence of superoxide crossover, the Na@alucone anode
still showed strong signals of secondary ions from alucone (C2Al-, COAl-, and C2OAl-) on
the outer most surface (Figure 7.3d-f). By consecutive Cs+ sputtering for 500s, an area
with a depth of ~50 nm was removed to obtain the depth profiles and 3D view images of
various fragments (Figure 7.3e and f). The signals of secondary ions from alucone remain
distinct from the top surface to the interior of the electrode, despite of slight decrease of
intensity compared with pristine sample, suggesting preservation of the robust alucone film
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after cycling. Noticeably, the sodiated alucone layer has a thickness of ~25 nm (considering
the sputtering rate of 0.1 nm s-1), which is thicker than the alucone film before cycling.
This observation suggests a newly formed SEI layer on the Na@alucone electrode during
cycling process, which is consistent with the electrochemical behavior of HSS Na-O2 cell
in Figure 7.1f.

Figure 7.4 (a, b) Raman spectra recorded over a liner scan on a typical NaO2 cube after
resting for 24 h. (c) chemical maps at various frequencies reproduced from Raman spectra
recorded from a NaO2 cube on the SSE at different time intervals.
Although the electrochemical reversibility of Na@alucone anode in the Na-O2 batteries
can be significantly improved by incorporating SSE, the chemical stability of SSE against
the highly reactive NaO2 also can not be neglected. As the SSE was in direct contact with
the CP cathode, and the accomulation of NaO2 cubes on the SSE surface is inevitable due
to the growth of NaO2 through solution-mediated mechanism.32 The possible reactions
between SSE and NaO2 not only can decrease the reversible charge capacity due to the
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consumption of NaO2, but also result in the increase of internal cell resistance as a result
of side products formation. Here, we employ in-situ Raman imaging technique to monitor
the chemical changes of NaO2 cube when in contacting with the SSE. The SSE was
collected from a discharged HSS Na-O2 cell. The distribution of NaO2 cubes on the SSE
can be clearly observed via Raman and SEM microscope (Figure S7.11). As shown in
Figure S7.12, a NaO2 cube was linearly scanned, and the Raman spectra were collected in
an area of 15 µm × 15 µm for 15 points in each X and Y directions. Figure 7.4a and b
show the Raman spectra collected from two vertical liner scan on the NaO2 cube after a
period of 24 h. The characteristic Raman peak located at 1156 cm-1 was related to the O-O
stretching mode in NaO2, and weak Raman peak at 1136 cm-1 corresponded to
Na2O2‧2H2O. The obtained spectra were converted into 2D mapping images using the
chemical maps at frequencies of 1136 and 1156 cm-1 (Figure 7.4c). As clearly evidenced
in Figure 7.4c, the intensity of the NaO2 chemical maps showed a slightly decreasing trend
over time, along with a slight increase in Na2O2‧2H2O intensity. This phenomenon can be
attribute to the transformation of NaO2 to Na2O2‧2H2O in the presence of residual
electrolyte solvent or air leakage of the Raman cell.33-35 However, it is notable that the
absence of other obvious side products (even after 168 h) and the preservation of the
original shape of NaO2 particle again verified the excellent chemical stability of
NASICON-type SSE with NaO2 (Figure S7.13, S7.14).
After addressing the anode issues and ruling out the possible effects of SSE, the limited
cycle life of HSS Na-O2 cell in Figure 7.1f may indicate a degradation effect related to the
cathode.32 Therefore, HSS Na-O2 cells with extra cathode loading were assembled in order
to extend the Na-O2 cell life time, and at the same time, to investigate the durability of
Na@alucone anode during long-term cycling process. Here, extra cathode loading was
realized by simply increasing the number of CP cathode, and the cathodes with 2, 3, 4, and
5 CP are named as CP-2L, CP-3L, CP-4L and CP-5L, respectively. The electrochemical
performance of HSS Na-O2 batteries with different cathodes were investigated at 0.2 mA
cm-2 with a cutoff capacity of 0.2 mAh cm-2. It can be seen from Figure S7.15 and Figure
7.5 that the cycle life of HSS Na-O2 cells increased with increasing cathode loading. The
HSS Na-O2 cells with CP-2L, CP-3L and CP-4L cathodes exhibited stable cycling for over
175, 238, and 292 cycles, respectively. When the Na@alucone anode was coupled with
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CP-5L cathode in the HSS Na-O2 cell, the cell delivered highly stable discharge/charge
performance for over 325 cycles (Figure 7.5b-e), which was almost 3.4 times longer life
time than that of the CP-1L cathode in Figure 7.1f.

Figure 7.5 Cycling performance of HSS Na-O2 cells with (a) CP-3L cathode and (b) CP5L cathode; (c-e) selected discharge/charge profiles of HSS Na-O2 cell with CP-5L
cathode; (f) cycling performance and Coulombic efficiency of HSS Na-O2 cell with CP-5L
cathode.
The long cycle life of HSS Na-O2 cell with CP-5L cathode reflected good stripping/plating
stability of Na@alucone anode after integrating with SSE (~565 h). The increase of cathode
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loading was accompanied with increase in number of active sites for electrochemical
reactions, which contributed to the enhancement of cell life under the shallow cycling
mode. However, the more active sites and longer cycling time, the greater chance of O2attack occurrence. Additionally, the parasitic reactions involving NaO2, 1O2 and electrolyte
may induce the degradation of air electrodes. Coverage of active sites by the insulating side
products thus results in the decrease of Coulombic efficiency along cycling (Figure 7.5f).
All these factors contributed to the nonlinear correlation between cycle life of HSS Na-O2
batteries and the number of layers of CP cathode. Another important aspect to note is that
the cathode thickness increased with increasing the CP layers. Therefore, the increase of
Na+/O2- diffusion distance and the diffusion kinetic limits of O2 in the organic electrolyte
explained the slight increase in discharge/charge overpotential of the cell using CP-5L
cathode, compared with that of the cell with CP-3L cathode (Figure S7.14).

Figure 7.6 Schematic illustration of Na stripping/plating behaviors in Na-O2 batteries with
different configurations.
To further verify the failure mechanism of organic thin film protected Na metal anode in
Na-O2 batteries, the electrochemical behavior of Na-O2 cells using another organic
protective layer coated Na anode (Na@polyurea) was investigated. As consistent with the
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results of Na@alucone, the Na@polyurea anode in Na-O2 cells showed minimal
improvement over bare Na anode when using GF separator (Figure S7.17). The
Na@polyurea anode demonstrated significant improvement in cycling stability when SSE
was used to eliminate the superoxide crossover. Those results are identical to that of the
cells using Na@alucone anode in Figure 7.1. Schematic diagram of Na striping/plating
behaviors in different Na-O2 cell configurations are illustrated in Figure 7.6. For Na-O2
batteries, the vulnerability of organic and organic-inorganic protective films to superoxide
should taken into serious consideration for Na metal anode. Insufficient Na anode
protection will lead to continuous corrosion of the Na metal anode and the growth of Na
dendrite. The Na degradation issue in Na-O2 batteries is much more complicated than that
in NMBs, especially when superoxide intermediates is involved. The dissolved superoxide
radicals is an aggressive species, which prone to attack electrophilic sites and induce
various side reactions in Na-O2 batteries.27,

34, 35

Thus, the chemical/electrochemical

reduction of organic electrolyte on Na anode can be further aggravated in the presence of
superoxide crossover, and the build up of parasitic products on the Na anode could result
in blockage of the Na+ migration and soaring internal resistance.31 Therefore, except for
Na-O2 battery system, the properties of metal protective layer in other batteries that involve
the solution redox, such as Li-O2, Li-S and Na-S, may also need taken special consideration.

7.4 Conclusion
In summary, we have for the first time investigated the effect of superoxide crossover on
the protection layer of Na metal anode and correlation to the electrochemical performance
of Na-O2 batteries. The unique superoxide ions dissolution in electrolyte for Na-O2
batteries play a critical role in the electrochemical behavior. Taking alucone protective
layer on Na anode in Na-O2 batteries as an example, we found that the alucone layer suffer
from decomposition under attacks of reactive superoxide radical. After eliminating
superoxide crossover effect towards Na@alucone anode with a chemical-stable SSE layer,
the organic alucone coating retrieved its Na dendrite suppressing effect and maintained
high reversible charge capacity for Na-O2 batteries. In addition, the cell life can be
significantly improved with extra cathode loading, which guaranteed sufficient active sites
for reversible reactions. The synergistic combination of Na@alucone anode, SSE, and
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efficient cathode contributed to a high-performance rechargeable HSS Na-O2 battery. Long
cycle life of 325 cycles at 0.2 mA cm-2 with a limited capacity of 0.2 mAh cm-2 was
demonstrated. The stability of Na protection layer and the issues involving the high reactive
superoxide radicals should be considered seriously in Na-O2 batteries. It is believed that
our results provide important guidance for improve the cycling stability of Na anode, as
well as the realization of next-generation high energy density Na-O2 batteries.
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7.7 Supporting information

Figure S7.1 The typical MLD alucone coating process on Na foil.

Figure S7.2 The TOF‐SIMS secondary ion images of Na@alucome before (a) and after
(b) Cs+ consecutive sputtering for 370 s. (c) Depth profile of various secondary ion species
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obtained by sputtering. d) The 3D view images of the sputtered volume corresponding to
the depth profiles in (c).

(a)

(b)

(c)

Figure S7.3 (a) The XRD spectrum of discharged CP cathode obtained from the Na-O2
cell using bare Na anode and Na@alucone anode. The SEM images of discharged CP
cathode obtained from the Na-O2 cell using (b) bare Na anode and (c) Na@alucone anode.

Figure S7.4. (a) The discharge-charge curves of Na-O2 batteries with SSE and bare Na
anode at 0.2 mA cm-2, (b) The cycling performance of Na-O2 batteries with SSE and bare
Na at 0.2 mA cm-2 with a limited discharge capacity of 0.2 mA cm-2.
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Figure S7.5 Digital photographs of the cycled SSE.

Figure S7.6 The surface morphology of the pristine Na@alucone anode.

Figure S7.7 The SEM images of cycled Na@alucone electrode that obtained from Na-O2
battery using GF separator.
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Figure S7.8 The optical and SEM images of GF separator obtained from cycled Na-O2
cell.

Figure S7.9 The SEM images of cycled Na@alucone electrode that obtained from Na-O2
battery using SSE.

Figure S7.10 The optical image of SSE that obtained from HSS Na-O2 battery with
Na@alucone anode after cycling for 80h at 0.2 mA cm-2 with a cutoff capacity of 0.2 mAh
cm-2.
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Figure S7.11 The optical image of SSE obtained from (a) Raman microscope and (b) SEM
image of SSE.

Figure S7.12 A typical optical image of NaO2 cube obtained from the Raman microscope.

Figure S7.13 The optical Raman image of NaO2 cube after 7 days (168 h).
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Figure S7.14 Raman spectra recorded over linear scans on a typical NaO2 cube at different
time intervals.
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Figure S7.15 The cycling performance of HSS Na-O2 batteries with CP-2L and CP-4L
cathodes.

Figure S7.16 The cycling performance of HSS Na-O2 batteries with CP-3L and CP-5L
cathodes.
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Figure S7.17 The electrochemical performance of Na-O2 cell with Na@Polyurea anode
and GF separator at 0.2 mA cm-2 with a cutoff capacity of 0.2 mAh cm-2.

Figure S7.18 The electrochemical performance of Na-O2 cell with Na@Polyurea anode
and SSE at 0.2 mA cm-2 with a cutoff capacity of 0.2 mAh cm-2.
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Chapter 8

8

Flame-resistant, dendrite-free and O2/O2--impermeable
composite electrolyte for quasi-solid-state Na-O2
batteries

Besides the poor cycle life of Na-O2 batteries, the safety concerns associated with Na
dendrite growth and the adoption of flammable organic liquid electrolyte (LE) in
conventional Na-O2 batteries also greatly hamper the practical application of Na-O2
batteries.
In this chapter, a novel composite electrolyte using the inorganic 3D porous solid-state
electrolyte (PSSE) framework infused with gel polymer electrolyte (GPE) was fabricated.
The composite electrolyte was first introduced in Na-O2 batteries to overcome the safety
issue and enhance the electrochemical performance. The prepared PSSE/GPE composite
electrolyte can synergistically integrate merits from both the inorganic SSE and GPE,
exhibiting low flammability, high ionic conductivity, stable electrode/electrolyte interface,
and high mechanical strength to suppress the Na dendrite penetration. As a result, excellent
electrochemical performance is demonstrated beyond the conventional LE-based Na-O2
batteries under the same conditions. Also, the constructed quasi-solid-state (QSS) Na-O2
batteries exhibited high reversibility and long cycle life of 130 cycles at 0.2 mA cm-2 with
a cutoff capacity of 0.2 mAh cm-2. It is important to note that the elongated cycling life
also benefits from the crucial role of the PSSE/GPE composite electrolyte in alleviating Na
corrosion by blocking O2/O2- crossover. It is expected that the present study can shed light
on the future study on developing practical Na-O2 batteries.

*A version of this manuscript is in preparation.
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8.1 Introduction
Great progress has been achieved in researching Li-ion batteries in the past two decades,
however their limited energy density still hardly satisfies the requirement of emerging
electric vehicles and large-scale energy storage devices.1 New battery chemistries that
beyond Li-ion batteries have been urgently targeted,2-4 and Na-O2 batteries have captured
extensive attention due to their attractive features such as high theoretical energy density,
high energy efficiency and clean chemistry.5, 6 Despite the high attractiveness of Na-O2
batteries, their widespread application is currently hampered due to the challenges
associated with the uncontrollable Na dendrite growth and the adoption of flammable
organic electrolyte in this open battery system, causing safety concerns and unsatisfactory
cycling performance.7-10
Liquid electrolytes (LEs) combined with porous separators are widely used in Na-O2
because LEs offer the benefits of high ionic conductivity and excellent wetting of the
electrode material at room temperature.11-14 However, safety hazards continuously arise
from the leakage and flammability of organic LEs,15 especially for open Na-O2 battery
system. Besides, nonuniform deposition of sodium in the LEs during the cell charging
process will cause the formation of Na dendrite, which will trigger the risk of internal short
circuits or even battery explosions.10, 16-19 Furthermore, the LEs are incapable of blocking
the crossover of oxygen species (O2/O2-) from the cathode to the anode. The resultant Na
corrosion has been reported to yield the formation of insulating side products that gradually
cover the Na anode surface, causing premature death of Na-O2 batteries.5, 7 It is thereby
vital to seek new alternatives to organic LEs.
Solid inorganic electrolytes have been considered as promising candidates to overcome the
drawbacks of LEs. NASICON-type solid-state electrolytes (SSEs) are capable of
outperforming the LEs in terms of battery safety due to their non-flammable nature, as well
as their good mechanical strength that enables SSEs to restrain Na dendrite penetration.
Nonetheless, although oxygen species (O2/O2-) crossover can also be efficiently blocked
by introducing dense SSE pellets into Na-O2 batteries, the rigidity of inorganic SSEs
usually causes contacting problems between the electrolyte and Na electrode.20,

21

Fortunately, gel-polymer electrolytes (GPEs) can improve the interfacial contact matter
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because of its flexibility, and at the same time, solve the liquid solvent leakage problem by
encapsulating liquid components in polymer matrices.22-24 However, most GPEs have
inferior mechanical strength and fails to suppress dendrite penetration.25, 26 To overcome
the disadvantages of the NASICON SSE and GPE, such as high interfacial resistance and
poor mechanical strength, a composite electrolyte integrating the benefits from different
components and addressing the drawbacks of each would be a promising strategy for the
development of safe Na-O2 batteres with satisfying electrochemical performance. To the
best of our knowledge, the NZSPO and GPE composite electrolyte has never been
introduced in Na-O2 battery system.
In this work, a novel composite solid electrolyte based on a PSSE host and GPE filler was
successfully designed for constructing quasi-solid-state (QSS) Na-O2 batteries. The
PSSE/GPE composite electrolyte can not only inherit the advantages of favorable flame
resistance and excellent dendrite impermeability from PSSE framework, but also achieve
high ionic conductivity and excellent interfacial contact resulting from the infusion of GPE.
Subsequently, the Na symmetric cell based on the PSSE/GPE composite electrolyte stably
runs for over 900 h at a current density of 0.2 mA cm-2. Additionally, the introduction of
this composite electrolyte avoids the leakage, volatility caused by the adoption of organic
LEs in Na-O2 batteries and prevents oxygen species from corroding Na metal anode. The
assembled QSS Na-O2 batteries exhibit a long cycle life of 130 cycles at 0.2 mA cm-2 with
a cutoff capacity of 0.2 mAh cm-2.

8.2 Experimental section
Preparation of PSSE pellets: Firstly, the Na3.25Zr2Si2.25P0.75O12 SSE was prepared in air
by sol-gel method. Stoichiometric amounts of tetraethyl orthosilicate (Si(OC2H5)4, 98%)
and Zirconium (Ⅳ) propoxide solution (Zr(OC4H9)4, 99.99%) were sequentially dissolved
in 500 mL ethanol. Then, acetic acid and de-ionized water were added to adjust the pH.
The mixture sol was kept at 67℃ under vigorous stirring for 12 h. Next, the sodium nitrate
(Sigma-Aldrich, 99.0%) and ammonium dihydrogen phosphate (Prolabo, 99.9%) were
dissolved in distilled water, respectively, and then consecutively added into the hot mixture
of silica and zirconia. In the next step, the solution was slowly evaporated at 67℃ to get
the precursor powder, which was then heated at 500℃ for 1h under an O2 atmosphere to
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burn out the organics. The obtained powder was hand grounded and then annealed at
1050℃ for 10h in an air atmosphere to get the Na3.25Zr2Si2.25P0.75O12 SSE powder. The
PSSE framework was prepared via template-assisted calcination method. The as-prepared
Na3.25Zr2Si2.25P0.75O12 SSE was mixed with poly(methyl methacrylate) PMMA at a weight
ratio of 7:3, and then uniaxially pressed into pellets. The PSSE pellets were achieved after
calcinating at 1300°C for 12 h in an air atmosphere.
Preparation of the PSSE/GPE composite electrolyte: The GPE solution was first prepared
by adding 2g of PEO and 2 mL of the liquid electrolyte (1M NaClO4 in Tetraethylene
glycol dimethyl ether) into 20 mL of acetonitrile, and then vigorously stirred at room
temperature overnight. Then, the viscous solution was infused into the PSSE pellets using
a vacuum pump, which were then naturally dried in the air. This process was repeated
several times to ensure the pores in the PSSE pellets are fully filled. After the PSSE/GPE
was obtained, the GPE membrane was prepared by a solution-casting method. The viscous
GPE solution was cast onto a clean glass plate and naturally dried in the air to remove the
acetonitrile solvent, yielding a PEO membrane with a thickness of about 500 µm.
Battery assembly and electrochemical performance characterization: The cycling
stability of Na symmetric cells with the PSSE/GPE or GPE membrane was performed using
CR2032 coin-type cells. The electrochemical performance of Na-O2 batteries was
evaculated with Swagelok-type cells. The QSS Na-O2 batteries were assembled with Na
metal anode, PSSE/GPE or GPE electrolyte, and CP cathode. The CP cathode and Na metal
foil were cut into circular pieces with a diameter of 3/8 inch. Both Na symmetric cells and
Na-O2 cells were assembled in a Ar-filled glovebox with the oxygen and moisture levels
below 0.1 ppm. The Na-O2 batteries were operated under static O2 with the pressure of 1.0
atm in a homemade testing box, and each cell was stabilized for 1h before testing. The
galvanostatic discharge/charge tests were carried out using the Arbin BT-2000 battery
testing system. It is noteworthy that the PSSE/GPE and GPE were dried under a vacuum
to remove the moisture and residual acetrontile solvent before transfering into the glove
box to assemble the batteries.
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Materials characterization: The X-ray powder diffraction (XRD) patterns were performed
via Bruker D8 X-ray diffractometer equipped with Cu-Kα (λ=1.5406Å) radiation. The
morphologies of CP cathodes were characterized by Hitachi S-4800 field-emission
scanning electron microscope (FE-SEM), and the morphological studies of the PSSE/GPE
and GPE electrolytes were performed using a Hitachi 3400N environmental SEM. The
ionic conductivity of the PSSE/GPE composite electrolyte was measured using
electrochemical impedance spectroscopy (EIS) in the frequency range of 10 Hz to 100 k
Hz. In this study, the disassembly of the Na-O2 batteries was carried out in an ultra pure
argon-filled glovebox. The discharged cathodes were washed with fresh TEGDME to
remove any residual NaClO4 salt, and then vacuum dried before SEM and XRD
measurements. Additionally, the as-prepared samples were sealed into leak-tight
homemade sample holders to prevent the exposure of air during sample testing.

8.3 Results and discussion

Figure 8.1 A schematic for the preparation process of the PSSE/GPE composite electrolyte
for QSS Na-O2 batteries.
The schematic diagram for the preparation of the PSSE/GPE composite electrolyte is
shown in Figure 8.1. Firstly, the mixture of Na3.25Zr2Si2.25P0.75O12 SSE powder and
poly(methyl methacrylate) (PMMA) spheres with a weight ratio of 7:3 was pressed into
pellets, and then sintered in the air to obtain the PSSE framework. During this process, the
PMMA spheres (Figure S8.1) were added as the sacrificial porogens to create the pores in
the PSSE pellets. In the next step, polyethylene oxide (PEO)-based GPE solution was
infused into the PSSE framework using a vacuum pump, followed by naturally drying in
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the air to evaporate the acetonitrile solvent. Among various polymer candidates, the PEO
is chosen in this work due to its relatively high electrochemical stability below 4.0V, which
match well with the electrochemical window (1.0-3.0 V) of Na-O2 batteries. It is worth
mentioning that the infusion process was repeated for several times to ensure the pores
within the PSSE pellets are fully filled. In comparison, the GPE membrane was also
prepared using the solution-casting method. While before the as-prepared electrolytes were
transferred into the glovebox for battery assembly, a further vacuum drying procedure was
conducted at room temperature in order to remove the moisture and residual acetonitrile
solvent.

Figure 8.2 Cross-sectional SEM images of (a-c) PSSE, and (d-f) PSSE/GPE composite
electrolyte at different magnification; (g) SEM image and corresponding elemental
mapping of PSSE/GPE composite electrolyte.
Unlike sulfide- and halide-type SSEs that are very sensitive to air and moisture,
NASICON-type SSEs are chemically stable for processing in the air.27, 28 Even co-sintering
with PMMA in the air does not change the crystalline structure of Na3.25Zr2Si2.25P0.75O12,
which is confirmed by the XRD pattern in Figure S8.2. The microstructure morphologies
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of the PSSE framework are characterized by using scanning electron microscopy (SEM).
As presented in Figure 8.2a-c and S8.3, the cross-section view SEM images show that the
NZSPO crystal grains (0.5-2 µm) are interconnected to create a porous framework with
high open porosity and abundant networks. The irregular pores within the PSSE are in the
range of 20-50 µm and are also continuous, which is favorable for the subsequent GPE
filling. After the infusion process, almost all the pores within the PSSE have been filled
with GPE. Furthermore, high-magnification SEM image indicate that the PSSE are
compactly coated and surrounded by GPE, suggesting an excellent contact and adhesion
capability between the PSSE and GPE (Figure 8.2d-f and S8.4). The energy dispersive
spectroscopy (EDS) elementary mapping of composite electrolyte demonstrates the
distribution of elemental Cl, C, Na, Si, Zr, P and O, further confirming the successful
infusion of NaClO4-containing PEO GPE into PSSE networks (Figure 8.2f). Interestingly,
the GPE not only fills the inner space of the PSSE, the flooded GPE also forms a film (~
25 µm) that comformally coated on the surface of the PSSE skeleton. The formation of this
thin GPE layer can compensates for the interfacial roughness of PSSE and ensures intimate
contact between the PSSE/GPE composite electrolyte and Na metal anode, facilitating an
evenly distributed Na+ flux at the interface. Moreover, the good compatibility between
PSSE and GPE results in a dense structure of the composite electrolyte, which is presumbly
capable of preventing O2/O2- migration to the Na anode and thus prevents Na metal from
O2/O2- corrosion.29
Since the flame-retardant properties of the electrolyte is crucial for the safety of the Na-O2
batteries, the combustion test for the electrolyte membranes was conducted. For the
conventional 2400 Celgard separator saturated with electrolyte that is used in conventional
Na-O2 batteries, as shown in Figure 8.3a-c, the separator showed a big flame when it was
ignited. Following the generation of the large flame, the Celgard separator completely
extinguishes and shrinks within a short period of time. Although the GPE electrolyte did
not catch fire immediately when lit, the destruction of the electrolyte cannot be avoided. In
sharp contrast, the PSSE/GPE demonstrated a much lower flammability, and the fire can
be quenched spontaneously after several seconds (Figure 8.3d-f). Moreover, the composite
electrolyte can keep it’s original shape and size due to the presence of the PSSE framework,
indicating perfect flame retarding ability under harsh condition. The structural stability of
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the composite electrolyte keeps the Na anode and cathode separated when the accident took
place, guaranteeing higher safety performance compared to the conventional Celgard
separator and GPE membrane.

Figure 8.3 Combustion of (a) 2400 Celgard separator saturated with ether-based liquid
electrolyte and (b) PSSE/GPE quasi-solid-state electrolyte; (c) cycling performance of Na
symmetric cells with GPE membrane and PSSE/GPE quasi-solid-state electrolyte at 0.2
mA cm-2, respectively.
The ionic conductivity of the composite electrolyte was measured through electrochemical
impedance spectroscopy (EIS) measurement and is determined to be 1.4×10-3 S cm-1
(Figure S8.5). Such a high ionic conductivity of the PSSP/GPE composite electrolyte is
comparable to that of a liquid electrolyte that enables fast Na+ transportation during the
discharge and charging process. To provide an in-depth insight of the PSSE/GPE
composite electrolyte, the galvanostatic cycling stability of Na symmetric cells with the
PSSE/GPE

composite

electrolyte

was

investigated.

Upon

cycling,

Na

was
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electrochemically stripped and plated between the two elelctrodes at 0.2 mA cm-2 with a
deposition capacity of 0.2 mAh cm-2 (Figure 8.3g). In comparison, the cell using GPE was
also tested under same experimental conditions. Notably, the voltage of the cell using the
PSSE/GPE electrolyte is satbilized at ~ 0.18V with slight increase of overpotential during
the long cycle of 900 h. After 300h cycles, no obvious Na dendrite can be observed on the
Na metal, as verified by the SEM images in Figure S8.6. While the Na/GPE/Na cell short
circuit after only 280 due to the penetration of Na dendrites. As observed by SEM, Na
dendrites and dead Na appeared on the surface of the Na anode (Figure S8.7). It is
important to highlight that the cycling stability of the Na symmetric cell using PSSE/GPE
composite electrolyte is also superior to that of the Na/SSE/Na cell, in which the poor
Na/SSE interfacial contact result in the nonuniform Na+ distribution and subsequent Na
dendrite growth along the grain boundaries of NZSPO particles.7, 20 These results indicated
that the penetration of Na dendrites can be efficiently mitigated by employing the
PSSE/GPE composite electrolyte, which is derived from not only the high mechanical
strength of the composite electrolyte, but also the good interfacial contact between the
composite electrolyte and Na electrodes.

Figure 8.4 The cycling stability of QSS Na-O2 battery at 0.2 mA cm-2 with a cutoff capacity
of 0.2 mAh cm-2.
Na-O2 batteries are designed as an open system with O2 as the active material; O2 crossover
has been reported to have a significant effect on the operational stability of conventional
Na-O2 batteries. To demonstrate the applicability of the PSSE/PEO composite electrolyte
for the development of Na-O2 batteries, the PSSE/PEO composite electrolyte is further
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combined with a Na metal anode and carbon paper (CP) cathode to assemble the full cells.
As shown in Figure S8.8, the fabricated QSS Na-O2 battery delivered a high initial
discharge capacity of 4.22 mAh cm-2 at the current density of 0.2 mA cm-2. More
importantly, the cells can be fully recharged without short circuits compared to those
observed in conventional Na-O2 batteries with Celgard separators.30 Moreover, the
PSSE/GPE-based Na-O2 battery exhibits comparable discharge and charge plateau
voltages to that of LE-based battery, agreeing well with the EIS results.31 The major
discharge product of the Na-O2 batteries was identified as micrometer-sized NaO2 cubes
(Figure S8.9). After completing the recharging process, the NaO2 can be decomposed,
evidenced from the disappearance of NaO2 cubes in the CP cathode. This indicatesg the
excellent reversibility of the generation and decomposition of NaO2 (Figure S8.10). This
is consistent with the reaction mechanism that is reported in liquid-based Na-O2 batteries.32
The cyclability of QSS Na-O2 batteries was further characterized at 0.2 mA cm-2 with a
cutoff capacity of 0.2 mAh cm-2. The battery exhibits an extended cycle life of 130 cycles
without obvious discharge/charge overpotential increasees in the initial 80 cycles(Figure
8.4). This phenomenon indicate the constent internal cell resistance due to the elimination
of Na corrosion by migrated oxygen species.

Figure 8.5 Schematic diagram of PSSE/GPE composite electrolyte-based QSS Na-O2
battery.
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Understanding the origin of the superiority of PSSE/PEO composite electrolyte in Na-O2
batteries is pivitol for designing novel Na-O2 batteries with further improved performance.
As mentioned, the conventional Na-O2 batteries suffer from premature cell death due to
the Na dendrite penetration through the separator and the Na corrosion as a result on O2
migration. The PSSE/PEO composite electrolyte is composed of connected PSSE
reinforcement scaffold and GPE matrix. On one hand, the NZSPO framework enables
composite electrolytes with high mechanical rigidity to suppress Na dendrite growth
without internal cell short circuiting. On the other hand, the liquid electrolyte phase that is
incorporated into the PEO matrix endows the composite electrolyte with high ionic
conductivity. At the same time, the soft PEO layer on the composite electrolyte surface can
adopt the volume changes of the Na electrode during the repeated striping/plating process,
which is beneficial for maintaining an intimate interfacial contact and smooth ion
transportation. In addition, the composite electrolyte with a compact structure possesses
strong resistibility towards O2 crossover corrosion of the Na metal anode. All those merits
of the composite electrolyte may contribute to the high cycling stability of QSS Na-O2
battery (Figure 8.5). While it should be mentioned that efforts on Li-O2 batteries screening
have identified that the PEO is relatively stable against the oxidative species at low voltages
(≤ 3V),33 which additionally contributed to the long life of Na-O2 batteries in this study.
Additionally, the high flame-resistant ability enables composite electrolytes promising
practical applications in Na-O2 batteries in the future.

8.4 Conclusion
In conclusion, a novel composite electrolyte consisting of a 3D NASICON framework and
GPE matrix have been successfully designed for high-performance Na-O2 batteries. The
PSSE skeleton in composite electrolytes acts as a mechanical barrier to prevent Na dendrite
penetration and flame attacks. With the infusion of the GPE matrix, the composite
electrolyte manifests high ionic conductivity and offers a stable interface between
composite electrolytes and electrodes. Benefiting from the above-mentioned merits, the
PSSE/GPE composite electrolyte shows a steady performance in the Na symmetric cell.
More importantly, the composite electrolyte can hold back the O2 crossover to the reactive
Na metal anode, enabling the achievement of QSS Na-O2 batteries with high discharge
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capacities and stable cycle life for more than 130 cycles. This work provides an appealing
strategy for the development of high-safety solid-state Na-O2 batteries.
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8.7 Supporting information

Figure S8.1. The SEM images of the PMMA spheres at different magnifications.

Figure S8.2. The XRD patterns of (a) dense SSE and (b) as-prepared PSSE framework.
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Figure S8.3. The cross-sectional SEM images of PSSE at different magnifications.

Figure S8.4. The cross-sectional SEM image of composite electrolyte.

Figure S8.5. Nyquist plots of the composite electrolyte with the cell structure of stainless
steel (SS)/composite electrolyte/SS.
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Figure S8.6. The SEM image of Na electrode that obtained from cycled Na symmetric cell
assembled with PSSE/GPE composite electrolyte.

Figure S8.7. The SEM image of Na electrode that obtained from cycled Na symmetric cell
that assembled with GPE electrolyte.

Figure 8.8. The discharge/charge behavior of QSS Na-O2 battery at the current density of
0.2 mA cm-2.
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Figure S8.9. The (a) SEM image and (b) XRD pattern of discharged CP cathode.

Figure S8.10. The SEM image of recharged CP cathode.
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Chapter 9

9

Conclusion and future perspective

This chapter summarizes conclusions and contributions of this thesis, as well as personal
statements and suggestions for future work.
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9.1 Conclusion
The development of next-generation electric vehicles and large-scale energy storage
systems requires new chemistries beyond state-of-the-art lithium ion batteries. Among
various new battery technologies, such as Li-S and metal-oxygen batteries, superoxidebased Na-O2 batteries have attracted an extensive amount of attention due to their ultrahigh theoretical energy density, high energy efficiency, and the abundance of sodium.
Although great efforts have been devoted in developing advanced electrodes, the low
achievable discharge capacities and poor cycling performance are still hindering the
practical application of Na-O2 batteries. Currently, the main challenges of superoxidebased Na-O2 batteries can be summarized as: 1) pore clogging and insufficient O2
transportation within the air electrode; 2) the uncontrollable Na dendrite growth; 3) Na
degradation caused by O2/O2- crossover.
This thesis work mainly focuses on improving the electrochemical performance of Na-O2
batteries via rational design of cell configurations. A series of experimental designs were
carried out in this study to fabricate novel air electrode and stabilize Na metal anodes for
Na-O2 batteries. Different physical and electrochemical characterizations were conducted
to determine the relationship of physical/chemical properties of the as-prepared electrodes
and

Na-O2

cell

performance.

Furthermore,

the

underlying

mechanisms

of

materials/electrodes and their electrochemical reactions were explored, such as the
relationship between air electrodes structure and spatial distribution of NaO2; the O2/O2crossover effect on the nature of solid electrolyte interphase (SEI) layer; the chemical
changes of NaO2 in contacting with NASICON-type solid-state electrolyte (SSE); etc. In
summary, this thesis focused on the design of the Na-O2 cell components and mainly works
on four parts: air electrode fabrication, Na anode protection, physical/electrochemical
characterization, and the understanding of underlying mechanisms. The detailed study
gained a better understanding on the importance of electrodes design in Na-O2 cell
performance, and it is believed that these novel designs and analysis bring new insights of
Na-O2 batteries in their future applications.
Firstly, freestanding “O2 breathable” air electrodes for Na-O2 batteries were fabricated
using 3D printing technique. The designed air electrode provides separated pathways for
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O2, Na+ and electron transport. The built-in open pores can facilitate O2 access into the
interior cathode, preventing pore clogging and premature cease of discharge process. At
the same time, the electrolyte is accommodated among the rGO sheets and the electrons
are conducted via the conductive rGO framework, which is beneficial for the fast
mass/electron transportation within the air electrodes. The high discharge capacities and
unprecedentedly stable cycling performance of Na-O2 batteries with 3D printed air
electrodes clearly elucidates the importance of the structural design of the air electrodes
for realizing high-performance Na-O2 batteries.
Novel Na-O2 batteries using electrically connected carbon paper (CP) and Na metal as
protected Na anodes were constructed. In this study, the O2- crossover issue was first
revealed, which contributed to the detrimental Na corrosion and limited Coulombic
efficiency. The study further demonstrated that the adoption of CP protected Na anode can
completely inhibit the cell short-circuiting by preventing the Na dendrite growth. At the
same time, the CP on the Na anode also acts as a protective layer to alleviate the Na
degradation induced by O2/O2- crossover, and the exact mechanisms underlying the
protective effect of CP were elucidated. These results indicate that the Na anode greatly
affects the overall performance of Na-O2 batteries and thus should be attracting further
research attention in the future studies.
Following above work, O2/O2- crossover- and dendrite-free hybrid solid-state (HSS) NaO2 batteries based on solid-state electrolytes (SSEs) and protected Na anode were
successfully developed. Stable operation for over 160 cycles at 0.2 mA cm-2 using
commercial CP cathode is a breakthrough for superoxide-based Na-O2 batteries. The study
demonstrated that the dense SSE function acts as a physical shield to block the O2/O2migration to the Na anode and thus, eliminates Na metal corrosion. Further, the nature of
the SEI layer on the Na anode in relation to O2/O2- crossovers was systematically analyzed
by X-ray photoelectron spectroscopic (XPS) with depth profile in this study, demonstrating
the importance of O2/O2- blockage for safe and high-performance Na-O2 batteries.
The electrochemical behavior of alucone protected Na anode (Na@alucone) was studied
in Na-O2 batteries. It was found that the alucone protective layer decomposes under
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superoxide radical attacks and consequently fails to suppress the Na dendrite growth, in
sharp contrast to its stable cycling in NMBs. With SSE as a physical shield to eliminate the
corrosion of superoxide towards the alucone layer, the dendrite suppressing effect of
Na@alucone anode can be retrieved. As a result, the synergistic effect of SSE and
Na@alucone enables Na-O2 batteries stably runs for over 325 cycles at 0.2 mA cm-2 under
shallow cycling mode. Furthermore, the cathode loading in relation to the life time of NaO2 batteries was systematically investigated. For the first time, we revealed that the
chemical instability of the Na protection layer against superoxide can be highly fatal for
the Na-O2 cell performance, and the issues involving the highly reactive O2- radicals should
be considered seriously in future studies of the Na-O2 battery system.
To address the safety issues of conventional Na-O2 batteries related to Na dendrite growth
and the adoption of flammable organic electrolytes, a quasi-solid-state Na-O2 battery based
on composite electrolyte was reported. The composite electrolyte was fabricated by
infusing poly(ethylene oxide)-based gel polymer electrolyte into the 3D NASICON SSE
structure. The hybrid electrolyte exhibits an unprecedented combination of mechanical
strength, ionic conductivity, and effective suppression of Na dendrite growth. Further, the
developed composite electrolyte exhibits a low flammability and high-temperature
stability, and the O2/O2- crossover towards the Na anode can be blocked in Na-O2 batteries
with this composite electrolyte. To the best of our knowledge, we are the first to construct
quasi-solid-state Na-O2 batteries, and a long cycle life of can be achieved at 0.2 mA cm-2
under shallow cycling mode.

9.2 Contributions to this field
1. 3D printing of freestanding “O2 breathable” air electrode for Na-O2 batteries. In
this thesis, for the first time, we demonstrate the successful employment of 3D printing
technique to construct freestanding “O2 breathable” air electrodes for Na-O2 batteries
(Chemistry of Materials, 2020, 32, 7, 3018-3027). The structure of the air electrodes can
be optimized by adjusting the printing parameters, contributing to enhanced discharge
capacities and cycling stability of Na-O2 batteries. This study may open the new window
to develop advanced air electrodes for the high-energy-density Na-O2 batteries.
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2. Confirming the superoxide crossover issue in superoxide-based Na-O2 batteries. In
this thesis, for the first time, we demonstrate that the O2- intermediate can migrate from the
cathode to the anode, which not only results in the loss of reversible charge capacity but
also contributes to the severe Na corrosion during the Na-O2 cell operation. Further, the
CP interlayer protected Na anode has been used to alleviate the Na corrosion, leading to
enhanced cycling stability of Na-O2 batteries (Advanced Functional Materials, 2018, 28,
1801904). This study revealed that the Na degradation is partially responsible for the
performance decay of Na-O2 batteries, emphasizing the importance of Na protection in
achieving high-performance Na-O2 batteries in the future studies.
3. O2/O2- crossover- and dendrite-free hybrid solid-state Na-O2 batteries. In this thesis,
hybrid solid-state Na-O2 batteries are first constructed with NASICON SSEs as a shield to
block the O2/O2- crossover, and excellent cycling stability of Na-O2 batteries was achieved.
Further, for the first time, the effect of O2/O2- crossover relating to the properties of the SEI
layer on the Na metal anode was revealed (Chemistry of Materials, 2019, 31, 9024-9031).
4. Deep understanding on the failure mechanism of the protective layer on the Na
metal anode. In this thesis, we report for the first time that the chemical instability of the
Na anode protective layer against superoxide intermediate can be fatal to the Na-O2 cell
performance; and a universal strategy was proposed to achieve high-performance Na-O2
batteries. Further, the failure mechanism of the Na@alucone anode in Na-O2 batteries was
confirmed by using SEM and ToF-SIMS characterizations. The results obtained in this
study indicate that the issues involving O2- radicals should be considered seriously, which
provide important guidance for the future study of Na-O2 battery systems.
Overall, in this thesis, we first fabricated the “O2 breathable” air electrodes for Na-O2
batteries using 3D printing technique. The detrimental effect of O2- crossover towards Na
metal anode, as well as the Na-O2 cell performance was also demonstrated, for the first
time. More importantly, the underlying degradation mechanisms of Na-O2 cell
performance was revealed, and effective strategies to address the challenges of Na-O2
batteries were proposed. The results of this thesis can provide important guidance for the
further development of Na-O2 batteries.
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9.3 Perspectives
Compared with LIBs with limited energy densities, development of Na-O2 batteries is an
important direction on the road of high-energy-density batteries. Significant progress has
been made in exploring the cell chemistry and designing advanced electrodes for Na-O2
batteries. However, Na-O2 battery technology is still at an immature stage, and there are
still significant challenges that need to be addressed before practical application. Herein,
we propose potential directions and perspectives for this field:
1. Better fundamental understanding on the Na-O2 battery system is needed. So far,
the electrochemistry of Na-O2 battery system is still elusive and controversial, and a more
detailed fundamental understanding is needed. Different discharge products and conflict
results have been reported by different groups, while the determining factors that govern
the reaction paths in Na-O2 batteries are still unclear. Meanwhile, it is generally recognized
that parasitic reactions at the anode, cathode, and electrolyte should be responsible for the
Na-O2 cell failure. Although the detailed mechanisms of these reactions have been
investigated separately, the possible synergistic effect between these side reactions remain
poorly understood. Moreover, it is still unclear if the growth mechanism of Na dendrites in
Na-O2 batteries is identical to that of Na-ion battery systems because of the distinct cell
configuration and working principle. Lastly, the understanding of the decomposition of
insulating NaO2 cubes at a low voltage is far from complete, and more research is needed
in future studies.
2. Advanced in-situ characterization techniques are urgently needed. Ex-situ analysis
on the highly reactive discharge products and Na metal anode in Na-O2 batteries is
generally affected by the contaminants from the surrounding environment during the
sample preparation process. Therefore, the in-situ characterization techniques are required.
For example, synchrotron radiation-related techniques are good candidates for the study of
electrochemical reactions during the Na-O2 cell operation, which helps to have an accurate
understanding on the electrochemistry of Na-O2 batteries. Other analysis techniques, such
as in-situ SEM, in-situ TEM, and in-situ XRD, can also help to have a comprehensive
understanding on the Na-O2 battery chemistry. Currently, few studies have focused on the
mechanisms study on the Na degradation and Na dendrite growth in the presence of O2-
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crossover. In-situ X-ray tomography and cryo-based techniques are ideal techniques to
obtain the morphology and composition evolution of the Na anode (and SEI layer) in the
Na-O2 batteries.
3. Development of highly efficient air electrode. The physicochemical properties of the
cathode materials are crucial for the Na-O2 cell performance. Although various air
electrodes have been developed, very few designs have realized the full utilization of the
air electrode structure due to the pore clogging as a result of insufficient O2 transportation
within the air electrode. Air electrodes with a hierarchical porous structure and enough O2
transport channels are highly desired, which enables continuous O2 transportation and
discharge product accomodation during the discharge process. Secondly, carbonaceous
cathode corrosion at high voltages is still a major problem that decays the cell performance.
Protection strategies such as surface coating on the air electrode with a highly conductive
and stable material can help boost the chemical stability of the carbon cathode. Thirdly, the
attachement of a catalyst on the cathode is effective in facilitating peroxides oxidation with
a low charge overpotential. However, the possible parasitic reactions promoted by the
catalyst should not be neglected when screening a suitable catalyst in Na-O2 batteries.
Lastly, advanced binder-free air electrodes should be developed to mitigate the binderrelated side reactions under the attack of O2- radicals.
4. Stabilization of the Na metal anode. With a deeper understanding on the Na-O2
batteries, an increasing number of researchers have moved towards the Na metal anode
protection. To achieve high-performance Na-O2 batteries, the effective utilization of Na
metal anode is crucial. However, the Na protection methodologies that are already found
to be profound in NIBs may not be applicable in Na-O2 batteries due to its unique reaction
mechanisms. Surface modification with polymer thin films is a promising strategy to
suppress the Na dendrite growth in NIBs, while the stability of the protective layer against
the O2- should be considered seriously. Furthermore, introducing a physical barrier, such
as SSE or engineered membrane/separator, is a good choice to block the O2/O2- migration
and alleviate Na corrosion. It is important to underline that the chemical stability of the
physical barrier against O2- and the interface stability between the SSE and Na metal should
also be taken into consideration.
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In conclusion, Na-O2 batteries have attracted enormous attention as promising energy
storage systems for future electric vehicles and hybrid electric vehicles. Although
significant progress has been achieved in exploring the cell chemistry of Na-O2 battery
system, many fundamental and engineering challenges remain. Additionally, much efforts
have been devoted to designing advanced air electrodes in order to increase the cell
capacity, while the Na anode related issues (Na dendrite growth, Na corrosion) has been
overlooked and needs pay more attention in the future studies. In-depth studies on the
underlying electrochemistry of Na-O2 batteries via various in-situ/in-operando
characterization techniques are needed. The binder-free air electrodes with hierarchical
porous structure and efficient O2 transport pathways can facilitate the ORR/OER kinetics
and improve the air electrode utilization. For the metallic Na anode, coating a chemical
stable artificial layer on the Na anode surface or introducing an O2- ionic shield should
enable stable Na cycling in Na-O2 batteries by suppressing Na dendrite growth and
avoiding Na corrosion that related to O2/O2- crossover. We believe that, with more and
more efforts being devoted, the practical application of Na-O2 batteries can be expected in
the foreseen future.
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